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PART 2 


THE AITALYSIS AND SYNTHESIS OF 
GEOMAGNETIC DATA 

In the study of geophysical phenomena, an intermediate stage is usually 
required between the making of the actual observations, and the 
discussion of the physical causes of the observed phenomena; the data 
obtained must be both analysed, by statistical or other methods, and 
also synthesized, so that particular features of the phenomena, as 
observed at many points on the earth, may be conveniently represented 
by diagrams or mathematical formulae. 

In laboratory physics, experiments can be carefdlly planned and 
executed with a view to the settlement of definite isolated questions; 
in such work the intermediate analysis and synthesis of the data are 
seldom needed. It is a necessary stage, however, in geophysics, and 
particularly in geomagnetism, because Nature continuaUy makes a 
multitude of ‘experiments’ simultaneously upon the earth, as, for 
example, by the sun and moon. The results of these many influences 
must be observed over long periods at many stations distributed over 
the earth, and then the records obtained must be patiently studied, in 
order to disentangle the various individual processes. Order must be 
found among the constant vagaries of geomagnetic phenomena, by 
applying suitable statistical methods to adequate amounts of observed 
data; and even the variability must be made to elucidate the physical 
causes in operation. 

Statistical studies in geomagnetism are closely associated with 
questions of periodicity, but many of the usual statistical methods, 
and the theory of Fourier’s series as found in mathematical text-books, 
cannot easily be directly applied to geomagnetic data. In fact many 
serious misunderstandings that have arisen are due to the fact that 
methods suitable in biometrical studies have been inappropriately 
applied to geomagnetism. This applies particularly to statistical 
theorems concerning tests for the reality of periodicities in geophysical 
time series. Such tests are often based on assumptions as to random¬ 
ness, which ignore the important characteristic of ‘conservation’ which 
is a notable feature in many kinds of geophysical data. 

For this reason Chapter XVl, on harmonic analysis, discusses not 
only the ordinary processes which can be found in most text-books 
on practical analysis, but also indicates the statistical basis for the 

8«S5.»0U « 
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PART 2 


THE ANALYSIS AND SYNTHESIS OE 
GEOMAGNETIC DATA 

In the study of geophysical phenomena, an intermediate stage is usually 
required between the making of the actual observations, and the 
discussion of the physical causes of the observed phenomena; the data 
obtained must be both analysed, by statistical or other methods, and 
also S3mthesized, so that particular features of the phenomena, as 
observed at many points on the earth, may be conveniently represented 
by diagrams or mathematical formulae. 

In laboratory physics, experiments can be carefully planned and 
executed with a view to the settlement of definite isolated questions; 
in such work the intermediate analysis and synthesis of the data are 
seldom needed. It is a necessary stage, however, in geophysics, and 
particularly in geomagnetism, because Nature continually makes a 
multitude of ‘experiments’ simultaneously upon the earth, as, for 
example, by the sun and moon. The results of these many influences 
must be observed over long periods at many stations distributed over 
the earth, and then the records obtained must bo patiently studied, in 
order to disentangle the various individual processes. Order must be 
found among the constant vagaries of geomagnetic phenomena, by 
applying suitable statistical methods to adequate amounts of observed 
data; and even the variability must be made to elucidate the physical 
causes in operation. 

Statistical studies in geomagnetism are closely associated with 
questions of periodicity, but many of the usual statistical methods, 
and the theory of Fourier’s series as found in mathematical text-books, 
cannot easily be directly applied to geomagnetic data. In fact many 
serious misunderstandings that have arisen are due to the fact that 
methods suitable in biometrical studies have been inappropriately 
applied to geomagnetism. This applies particularly to statistical 
theorems concerning tests for the reality of periodicities in geophysical 
time series. Such tests are often based on assumptions as to random¬ 
ness, which ignore the important characteristic of ‘conservation’ which 
is a notable feature in many kinds of geophysical data. 

For this reason Chapter XVI, on harmonic analysis, discusses not 
only the ordinary processes which can be found in most text-books 
on practical analysis, but also indicates the statistical basis for the 

3S»6.30U 
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treatment of periodicities in geomagnetism. Such conceptions as con¬ 
servation, the harmonic dial, the random -walk, persistence and quasi¬ 
persistence, are described and illustrated by means of geomagnetic 
and solar data, iu relation to sunspot, annual and other periods, and 
the 27-day recurrence-tendency. 

Chapter XIX, dealing with the variability of the solar and lunar 
daily variations, continues this discussion by means of ‘clouds of 
points’ in harmonic dials. 

Another mathematical aspect is introduced by the spherical form 
of the earth: Chapter XVII describes spherical harmonic functions, in 
their dual capacity as functions suitable for the mathematical expression 
of arbitrary distributions given oh the surface of a sphere, and as 
appropriate solutions of Laplace’s equation, allowing the separation of 
the earth’s magnetic field into parts caused within and outside the 
earth’s surface. Chapters XVIII and XX apply these general theorems 
to the main geomagnetic field, and to the solar and lunar daily 
variations. 



XVI 

PERIODICITIES AND HARMONIC ANALYSIS IN GEOPHYSICS 

16,1. Periodic and non-periodic functions. A function/(i) of the 
time t is said to be periodic, with the period T, if for all integral values 
k (or at least for many successive values) 

m^f{t+hT). (1) 

The time-changes of many geophysical phenomena can be represented 
as a combination of a non-periodic part and of many periodic com¬ 
ponents with unequal periods. Among the principal periodic times are 
the solar and lunar days, the solar rotation period, a month, a year, 
and the 11-year sunspot cycle, and suh-multii^les of these times. 

Suppose that a periodic component of the form (1) is present in an 
unbroken series of observations. It may be determined by dividing 
the series into sections of length T, superposing these sections with the 
same initial and end-points, forming their sum, and dividing by the 
number of sections. The usual calculation of the mean daily variation 
of the earth’s vertical magnetic intensity at any station, from hourly 
observations throughout N successive days, may be cited as an example. 
In this case the period T is a mean solar day. The hourly values (or 
means for hourly intervals) are written in horizontal rows, each con¬ 
taining twenty-four values, and therefore representing one day. The 
diiferent values in the same column all refer to the same solar hour on 
different days. Let v{t) denote the actual vertical intensity (a function 
of time); let w{t) denote the daily variation, which for A = 1, 2 ,..., N 
satisfies the condition (1); and let g(t) denote the remainder of v(t), viz. 

v{t) = w{t)+g{t) (t=0 to t = NT). (2) 

The average value in the column for the hour t (0 ^ t ^ S’) is 

{v(r)+viT+T)+v{T-\-2T)+...i-v{r+(N-l)T)}/N = %). (3) 

Let w{t) and g{t) be similarly defined; then by (2), 

^7(t) = w(r)-{-g(T), (4) 

The greater the number of days (N), the more exactly will %) represent 
w(t); for by (1), 

iv(T) = (l/N){w(T)-i-w(T+T)-j-...+w(T-i-NT—T)} 

^ (1/N)Nw(t) = w(r). (5) 
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On the contrary it is found by experience that in the great majority of 

N-l 

cases 2 increases "with 2^ only in the ratio ViV, so that 

equal to 1/N' times this sum, decreases approximately as 1/VJV. This 
VJV law for non-periodio functions p(i), which in geodesy and general 
statistics is called the ‘law of propagation of errors', forms the starting- 
point for most investigations of periodicity in geophysics. 

16.2. The non-cyclic variation. Suppose that, in determining 
the above daily variation—^whatever the quantity denoted by v{t )— 
every row of 24 hourly values is extended by adding the first value for 
the next day. Then in columns 1 and 26 the same numbers will be found, 
except for v(0) in column 1 of row 1, and v(NT) in column 26 of row N. 
The mean values of the columns 1 and 26 therefore differ by 

d = {llN){v{NT)-v{(l)y, (6) 

.'i' 

i£d ^0, the function v{t) is said to have a non-cyclic variation-, by (1) it 
is clearly due wholly to g{t). 

A typical example of a non-cychc variation is the slow systematic 
secular variation of the earth’s magnetic elements. It contributes to 
g{t) a part which in the course of a single year may be regarded as a 
linear function of the time; it wfil consequently appear also in p(t), 
without change. It is therefore usual to correct the daily variation 
v{t) determined from the 26 columns, by subtracting a linear function, 
so as to make the initial and final values equal. This procedure is 
followed also with other geophysical data, e.g. in finding the monthly 
mean daily variation of air temperature; in this case d is due mainly 
to the aimual variation of temperature. The same procedure is adopted 
even when nothing is known as to the nature of g{t) or the cause of d. 

16.3. The choice of days. So far the calculation has been supposed 
to refer to an unbroken series of observations. We next consider the 
more general case in which, after dividing the material into sections of 
length T, some only of the sections are picked out, according to certain 
criteria, and used as the basis of investigation of the periodic com¬ 
ponent of duration T. The condition (1) need then apply only to the 
numbers h of the selected sections. As before, the calculation is made 
with an extra final column, e.g. in the case of a daily period, with 
26 hourly values. But the average difference between the first and last 
mean value is no longer given by (6), because many of the values in the 
final column do not reappear in the first column of the next row; they 

^ are the initial values of days not included in the selection. The average 
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non-cyclic variation d often depends systematically on the nature of 
the selected days. For example, in the daily variation of the earth’s 
horizontal magnetic intensity, d is in general positive on quiet days, and 
negative on disturbed days; d for the north component at Potsdam, for 
the mean of the years 1918-22, was +3*9 y for the international quiet 
days (5 per month), and —8'6y for the disturbed days (also 6 per 
month), whereas the mean secular variation, given by d from all days, 
is only —0-06 y. These differences are characteristic; the disturbed days 
fall mainly in the time of strong decrease of horizontal intensity during 
the main phase of major or minor magnetic storms, while the quiet 
days occur during the slow recovery to the normal value. Hence in 
every daily variation the non-cyclic variation should be stated; whether 
it is eliminated or not. 

16.4. The effect of curvature. The linear elimination of the non- 
cyclic variation usually precedes the harmonic analysis (§ 12) of the daily 
variation. It is also of value when the variation is not to be thus 
analysed, because it largely removes any influence depending on the 
choice of origin (t = 0) of the interval T. For example, in calculating 
the mean daily variation of the north component of magnetic intensity 
on quiet days at Batavia, we may wish to use the international quiet 
days, which begin and end at Greenwich midnight; it appears that the 
mean value for 23’* G.M.T. exceeds that for O’* G.M.T. by about 6 y. If 
the twenty-four mean values from O’* to 23’* G.M.T. were used to obtain 
the daily variation according to local time, simply by transposition of 
the last seven before the remaining seventeen (since O’* G.M.T. approxi¬ 
mately corresponds to 7** of Batavia local time), the transposed sequence 
of numbers would show a sharp decrease of 6y between 7^ and 8** of 
local time, which obviously does not correspond to anything real. By 
using 25 hourly values and removing d linearly we avoid this influence 
of the limits of the day on the daily variation. 

But the criterion of selection of days often proves to be associated 
with a systematic character of g(fi), which cannot be treated as a merely 
hnear change. An example is the variation of air pressure on bright 
and cloudy days at non-tropical stations; this caused much confusion 
until it was elucidated by Bartels [36]. Bright days occur pre¬ 
dominantly during the passage of anticyclones, associated with high 
pressures; hence the pressure is near its maximum, and the barograph 
curves are convex (d^gldt^ < 0). This convexity is naturally not subject 
to the VA' law, but will also appear imdiminished in the mean curve 
from many bright days; it cannot be removed by a linear correction. But 
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it does not belong to tbe daily periodic variation, as appears when the 
time (t = 0) is altered, say from midnight to some other hour. 
The convex variation always appears in much the same form relative 
to the chosen lim its of the day, whereas the daily periodic variation 
must depend on solar time: this property of the convex variation may 
be used to determine it separately, for the purpose of subsequent 
elimination; for example, it suffices to form daily variations for four 
or six different uniformly spaced origins t = 0, and then to superpose 
these. 

The possibility of such systematic curvature is often overlooked. 
Tor example L. A. Bauer [40, 41] and, following him, H. H. Clayton 
[42], concluded that there is a pronotmced annual variation in the 
relative simspot numbers, the maximum being near aphelion, in 
July, and the minimum near perihelion, in January; they called this an 
‘earth-effect’ on sunspots. The evidence for this was that, in the mean 
of the years 1913-22, the mean sunspot number for the northern- 
summer half-year (April to September) was 46, as against 42 for the 
winter half-year. But this was only an effect of curvature in the varia¬ 
tion over the whole period 1913-22; this period coincided with the rise 
to, and fall from, the sunspot-maximum of 1917 (p. 369): the apparent 
mean yearly variation derived from such a set of years must be convex, 
and will give a higher mean value for the months April to September, 
which are in the middle of the selected yearly intervals, than for the 
other six months. 

The misleading effect of curvature appears still more clearly in the 
following calculation, which gives the half-yearly mean sunspot numbers 
derived from the 100 years 1826-1926, and also, separately, from two 
sets of selected years, namely, 6 around each of the sunspot-maxima, 
and 5 around the sunspot-minima. The year is supposed to begin in 
January. 

Average sunspot numbers, 1826-1926 



Northern 

summer 

Northern 

winter 

Difference 

46 maximum years 

77 

73 

+4 

46 xninimum years. 

17 

19 

— 2 

All years (100) 

46 

46 

0 


Other examples of this spurious curvature effect have been given by 
Chapman [38, 39]. 

16.5. Elimination of the non-periodic part. In calculating 
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periodic components it is desirable to eliminate the mean non-periodic 
part g{t) as far as possible. Several methods have been devised for the 
case when the amphtude of the periodic component to be determined is 
small compared with the other fluctuations {w{t) as, for example, 

for the lunar daily variation of pressure in non-tropical latitudes. 

The simplest plan is to use only the quiet days, on which v{t), and 
therefore also g{t), is small. The upper limit of the range of v{t) on the 
selected days must be chosen so that, on the one hand, the most dis¬ 
turbed days are excluded, since otherwise they may spoil the mean 
curve ^{r), while on the other hand there remain a sufficient number of 
days to give scope to the ViV law. The possibility of a curvature effect 
and other systematic effects is to be considered (see, for instance, 8.18). 

If the available material is small, as, for example, from polar stations, 
this procedure can be refined by dealing separately with the days of 
different degrees of disturbance, that is, with days of different range; 
the periodic components calculated from each set of days must then be 
combined with different weights [37 a]. Chapman [26] has proposed a 
quite different method for the elimination of a great part of g{t) in 
certain cases. 

In calculations of periodic components it is usually necessary to 
rearrange a large collection of numbers. It is therefore often convenient 
(unless Hollerith methods are used, of. 8.1) to deal, not with the hourly 
or bi-hourly values themselves, but with their successive differences, 
which in general are much smaller [26]. The reversion to the values 
themselves is made at the end of the calculation by successive addition 
of the differences or otherwise (see § 19). 

16.6. Sine waves: Fourier series. One of the simplest periodic 
physical phenomena is the motion of a pendulum. When the amplitude 
is small the displacement is proportional to sin nt. All simple mechanical 
and electric wave-motions may likewise be associated with the sine 
function. The period T is 2iTln] the frequency n is the number of com¬ 
plete swings in units of time. 

Mathematically the problems that lead to sine waves are charac¬ 
terized by the differential equation 


dhg 

dt^ 


—nh 


( 7 ) 


if y denotes the displacement from equilibrium (e.g. for a pendulum), 
then (7) states that the acceleration d^jdt^ is directed towards the origin 
and is proportional to the displacement from the origin. 
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In geophysics, as in mechanics, there are physical reasons for the 
occurrence of trigonometric functions in connexion with waves and 
tides. Mathematically their importance even in the case of com¬ 
plicated periodic phenomena depends on Fourier’s theorem (1807). 
This states that every function which is defined in the interval 
< = 0 to # = 27r, and satisfies certain conditions, (e.g. that must 
have a continuous first derivative except, at most, at a finite number 
of points in the interval) can be expressed as an infinite series of 
trigonometric functions: 


^(i) = a(,4-(®iCOS<-|-6iSmf)-|-(a2Cos2i-[-&2sin2i)-f-... (8) 

with the coefficients 

1 

®n 


% — 217 J 


0 

27r 27r 

== - J >P(t)oosnt dt, 6,1 = — |* ^^'(i)sinii« dl {n = 1 , 2 ,...). 


(9) 


Thus Oj is the mean value of in the interval 0 to 277. In § 8 a 
modified form of this theorem, appropriate to geophysics, is derived, 
and in § 10 the convergence of the series is discussed. In geophysical 
cases the conditions of Fourier’s theorem are practically always 
fulfified. 

The terms of frequency can also be written in the form 


a„cosw#-l-6„sm»# = c,jSm(«i-f-e„), (10) 

where a„ = c,iSine„, 6„ = c„cos6„, (I'la) 

Cn = +V(®n+ 6 ^), tane,i = ajb^. (11 b) 

The amplitude c„ is taken positive; the signs of and determine the 
quadrant in which the phase-angle lies. 

The equation ( 10 ) shows that ^{t) can be expressed as a combination 
of sine waves of frequencies n=l, 2 , 3,.... Because of its acoustic 
applications the process of obtaining this development of a function in 
the form of a sine series is named harmonic analysis, and the factors 
and 6 „ are called harmonic coefficients. The representation is unique— 
every function corresponds to one and only one set of amplitudes 
c„ and phases e„. 

If x/i{t) is periodic in an interval of length T, it is convenient to intro¬ 
duce the new variable t = ivtJT, which increases from 0 to 277 as t 
increases from 0 to T. , 
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For a function which is symmetrical with respect to the instant 


i = 77, i.e. 


^(77+^) == ^(tt—^), 


all the coefficients 6^^ disappear; for an antisymmetrical function, such 


that 


l]j{7T + t) = —^(77 —^), 


all the terms disappear. This follows from (9) by reason of the 
corresponding properties of sinn^ and cosri^. 

16.7. Orthogonality. A set of real functions 

^o(Oj ^ ^i(0> ^2(0? •••5 

which are defined in a finite or infinite interval <.t <. and which, 
as also their squares and products, are integrable in this interval, form 
an orthogonal system, if 
u 

J dt = 0 for n^m. (13) 

it 

A function is said to be normalized if 

^9 

J ^ni^) dit — 1. (1^) 

If this integral is 1) instead of unity, the function 4>ni^)Hin is 
normalized function corresponding to <f>nit)t hi i® course necessarily 
positive. 

In the interval 0 ■< i < 27r the functions 

1, oost, sin«, cos2«, sin2i, cosTii, sin»«, ... (15) 

form an orthogonal system, since 


27r 


27r 


J Bin nt dt= 0, J cos nt dt — 0 {n being any integer) 

0 0 

2sinn^sinm^ =^coB{n-~‘m)t — oos{n+m)t (16) 

(with similar equations for 2coBiit ooBmt, 2 sin nt cos mt), so that 

27r 27r 

J sinm^ sinr?^^ dt = 0, J sin mi oob nt dt = 0, 

0 0 

2rr 

J oosmtoosnt dt = 0 (n^m) [■ (17) 

0 

2,7T 27r 27r 

J 1 = 27r, . J sin®ft^ dt = j ooahit dt = v {n'^ 1 ), 

0 0 0 

the equations in the last line being derived from (16) by taking m = n. 
ssss.son 0 
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Thus the functions (16) satisfy the orthogonality conditions (13). 
The set of normalized functions corresponding to (16) is 


1 


-^cosi, 

VlT 



-j-cosnt, 

yn 


^sin?^^, ..., (18) 


but it is usual to work with the non-normalized set (15). 

The development of a function ^ in a series of orthogonal functioim 
<j>n is in some ways similar to the geometrical problem of resolving an 
arbitrary vector R in jfc-dimensional space into components R„^ along 
h orthogonal vectors of unit length, in which case R,,^ = 
im'in = (^1 =7^ W»), and im'im = Ij where the dot is the sign for tho 

scalar product; these equations have some analogy with (9), (13), 
and (14); it is for this reason that the functions (j>^^ are called orthogonal, 
and the single terms (10) of the Fourier series are called tho Jiarmonio 
components of the function ili(t). 

16.8. Approximation to a function by a finite trigonometrical 
series. Fourier’s theorem that every function v{t) can bo represented 
exactly, within any chosen interval, by an infinite series, is of less 
importance in geophysics than the practical problem of approximating 
to v(<) by a finite series, namely, by finding a nearly equal function 
^ji{t) of the form 


'PS) = «o+«iCosi+6iSin«+...-|-aftCos^;i+l'4.Hin^'i. (19) 

In this problem it is required to find (2^+1) harmonic coefficients 
®o> ®A! 6]^,..., 6;;. such that the difference v{t) — ^S) over the 

whole interval shall be as small as possible. As a measure of the close¬ 
ness of the approximation, the square of this difference, averaged over 
the interval, is chosen, 

= -^ J [«(<)-^A&(<)]® dt. (20) 

0 

On squaring the integrand, and substituting for tpS) from (19), the 

27r 

part — J dt of this integral can iJe evaluated by means of (17); 
0 

thus gTT 

^ J few? dt = ^2al+al+bl+..,+al+bl}. (21) 

0 

Incidentally it follows firom this equation that if a series of trigono¬ 
metric functions (such as ^j) vanishes identically for aU values of t —^in 
which case the integral of its square must be zero—all the harmonic 
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coefficients a and b must be zero. This result serves to establish the 
uniqueness of the Fourier expansion of a function. 

From (20) and (21) it follows that 


ja® = “ J di— ijao J v{t) dt+a-^ J v(f) cosi di+...+ 

0 ^0 0 
27r . 

t?n+i{2ag+^i+^^i+-.+o^|+6|}* (21 a) 

The conditions that shall be a minimum with respect to variations 
of the (2i+l) coefficients a and b are that 




0, 




_ 

^ ~ 


0 , 


V _ 


8b, 


= 0 . 


( 22 ) 


On performing the differentiation we obtain the formulae (9). 

This result is remarkable in that the coefficients and (n ^ h) 
for each value of n are independent of k, that is, of the number of 
periodic terms included in tph.. It is even possible to leave out any 
assigned intermediate terms in without affecting the values of 
and 6,„ (as derived by this minimum criterion) for the terms 
retained. By adding further terms to ip/dt), the approximation is in 
general improved, but without altering the coefficients already found. 

16,9. Approximation to a function by a finite series of any 
orthogonal functions. This property of the series (19) is character¬ 
istic of all developments of arbitrary functions in series of orthogonal 
functions, because in deriving (21 a) from (20) use was made only of the 
orthogonality of the trigonometrical functions. The approximation to 
v(t) by a finite series of normalized orthogonal functions, 

subject to the condition of minimum ju,®, where now 

it 


(23) 


(24) 


therefore leads to the coefficients 

r' 

^0 ~ J 


a, = J dt] 


(26) 


for example, the set of normalized functions (18) leads to the Fourier 
formulae (8), (9). If the functions <f> are not normalized, the equations 
(26) are only altered by the insertion of numerical factors, as in (9). 
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16.10. Bessel’s inequality. On substituting from (9) for the 
ooefi&cients in (21 a), we find that 

277 

^ J ^i-^^o-iK+bl+.-.+al+bl), (26) 

or, by (11b), “ 

277 

^^-«o-|(cf+c|+...+c|). (27) 

0 

Since /j,® > 0, by reason of its definition (20), it follows that 

277 

«S+i(c!+ci+...+c|) < ± J {i,(0P dt; (28) 

0 

The infinite series ' cJ+c|+,..^-c|+... (29) 

must therefore converge, since it consists wholly of positive terms and 
has a finite upper limit. The inequality (28) is known as Bennel’s 
inequality, and there is an analogous inequality for every development 
in a series of orthogonal functions. 

It follows from (27) that the representation of v{t) by ^^(i) is the 
better, the greater the value of k (but cf. § 16). 

From (9) it is obvious that the harmonic coefficients of a sum of 
functions/i and/^ are simply the sums of the corresponding cocfiicients 
for the separate functions. The same is true also for every linear com¬ 
bination of functions 

“i/i+“2/2+•••+“;// (30) 

with arbitrary constants ai,..., a,. 

Dirichlet in 1827 stated conditions which ensure that the infinite 
trigonometric series (8) shall converge and shall represent v{t)-, these 
conditions, and also the more recent conception of ‘almost i)eriodic 
functions’, are described in text-books on analysis but need not be 
discussed here. 

16.11. Orthogonal polynomials. Legendre functions. Atypical 
example of a non-orthogonal set of functions is the series of powers 

1, X, a:®,... (31) 

relative to the interval —1 <Cx ,<-|-l. The non-orthogonality is 
obvious, and it has the consequence that the condition of minimum 
applied to the approximation 

ilii{x) = a(,+aj^x+azx’‘+...+a,cd, (32) 

leads to different sets of coefficients for every different value of I, 
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But an orthogonal set of functions, for the same interval, can be 
constructed by combinations of the powers, that is, in the form of 
polynomials. The following polynomials, known as the Legendre 
functions, are such a set; they are here ordered according to their 
degree in x. 

Po(x) = 1, 

Pi(a:) = a;, 

P,(x) = i(3x^-l), 

= i(5x^—3x), 

The general formula is 

( 2 ^)! Ln Mn-1) ,, 

’ 2"(?i!)2r 2(2w-l) ^ 2.4(2w~l)(2ri-3) 

where 9^! s 1 x2x3..,x»i, O! 1. 


P^ix) = J(35iB4-30a:®+3), 
■P5(«) = 1(633:5-703^+153;), 


(33) 


n(n—l)(n—2)(n—3) 




j \ 


By integrating the series in (34) n times, we obtain a certain multiple 
of the binomial expansion of (x^—l)"; this corresj)onds to the following 
alternative expression for 


By means of this formula, and repeated partial integrations, it is easy 
to prove that 

1 f 0 if % + m, 

\ pH¥)P,n{^) ^ ^ \ 2 . (36) 

when n^m these represent the orthogonality conditions (13). It is 
clear that the functions P„ do not satisfy (14), so that they are not 
normalized. 

It follows from § 9 that we may approximate to a function defined 
in the interval —1 to 1, by a series of Legendre functions, i.e. 

/(*) == 6oW+&iA(aj)4-...+6/Ii(*), (37) 

wherein == denotes ‘approximately equals’, and the coefficients are 
independent of 1. Other sets of orthogonal polynomials in the same 
interval (the associated, Legendre functions or spherical functions) are 
described in 17.3. 

It may be shown that, given a series of linearly independent functions 
of any kind, a series of normalized orthogonal functions, each of which 
is a linear combination of functions of the given series, can be con- 
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structed, relative to any chosen interval. The formation of the Legendre 
set of orthogonal functions from the powers of a: is a particular example 
of this theorem. 

16.12. Harmonic analysis of a set of equidistant values of a 
function. It often happens that the function v{t) to be approximated 
to, as in § 8, over a given range of t, here taken to be from 0 to 2^, is not 
completely specified over this range, but is given only by a number of 
values at equal intervals within it, e.g. by hourly or monthly values. 
Let the range of t, from 0 to 27 r, be divided into r equal parts, at the 
epochs ta, tx . tf, so that 

= 2-nalr {a = 0, l,...,r). (38) 

Let the corresponding values of the function be y^, y^,..., y,; we suppose 
for the present that any non-cyclic variation of v{t) from i = 0 to < = 2 it 
has already been removed, so that 


2/o = Vr- 

We consider how to determine the coefficients of in (19) so that 
ju.®, now defined by 


instead of by (20), shall be a minimum. In the present case we must 

2jfc+l r, (40) 

because otherwise the number of unknowns, namely 

to be determined by this minimum condition; would exceed the number 
of given values of the function. The equations (22) which express the 
minimum condition now involve sums (instead of integrals, as in § 8); 
these are best evaluated as follows. Let 


2 


(39) 




where i 
Then 


cosn{(,+isin»«<, = exp(ift«^) = exp(m2‘n-of/r) = q”, 
~ ''Ji l)i ftud ^ _ ^ainlr^ 

r r r (f _1 

2 cos»t„+i 2 sinnf„ = 22" = Szr-T • 

ff«i cr=l 1 


(41) 

(42) 

(43) 


Clearly qT = = 1, whereas 2 1 for 2n+l ^ 2ib+l ^ Con¬ 

sequently the right-hand side of (43) is zero, and therefore also both the 
series on the left are zero. Hence, with the aid of the tl^ree product 
formulae, of which (16) is an example, we obtain the following series 
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formulae, analogous to the integral formulae (17); n and m here denote 
any positive integers j&om 1 to k. 


2 cos«#^ = 2 sin«.#j, = 0, 

a=l ff=l 


2 Gos^rUg. = 2 sin^n^Q. = I 2 <30s 2ntg) = 

0'=1 a=l <T=«1 


2 cos 7itg COB mtg = 2 sin7i#„sinm#o 

a—1 a==l 


= 2 sinn^^cosmi^ = 0 (n ^ m). 

a=l 


By means of these formulae it is easy to show that the minimum con¬ 
ditions (22) give the following expressions for the coefficients a and 6; 


^0 = (1/^) 2 ~ mean of the 

cr=sl 


(45 a) 


= W 2 ya<^OBntg, = (2/r) 2 y^sinntg. (46b) 

a=l <7—1 


Here also, as in § 8, the coefficients are independent of k. The simplest 
form of numerical integration shows that the sums (45 a, b) are approxi¬ 
mations to the integrals (9). 

From (39), (44), and (45), writing = a®4-6^ as in (lib), we find 
= (1/r) 2 yl-al-m+cl+.-.+el). (46) 


Here the first term is simply the mean value of y%. We introduce a 
number m (not to be mistaken for the integers m in (44)), defined by 

m2 = (1/r) 2 yl—al> (^'7) 

is the mean value of the squares of the deviations of y^ from the 
mean y^^ or a^, since, by 

(!/»•) 2 {y<x-ao? = (l/r) 2 2/1—(2/7-)ao 2 2 /o-+o§ = (l/r) 2 2/a-»o = 

(47 a) 

The number m is called the standard deviation of the set of values y^ 
(§ 22); Fisher [11.1] calls m® their va/riance. 

The standard deviation of the set of values ^*(io.) given by (19), 
for CT = 1 to ff = r, is found, by direct application of (44), to be given by 

■»?* — Kci+ci+—+c|). (47b) 

Hence, by (46), (47), ^ 


we note also that fi is the standard deviation of the set of residuals 
y<r~Mh)> ■''^tose mean value is zero. 
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It is convenient for practical calculation if r is a multiple of 4, or 

r = 4p 


wherep is an integer; this is the case when a daily variationis expressed by 
24 hourly or 12 bi-hourly values, or an annual variation by 12 monthly 
means. The same numerical values of the sine and cosine in (46 b) then 
recur in each quadrant, and this symmetry of the trigonometrical func¬ 
tions can be used (§ 19) to group various terms in the sums of products 
(46 b); many calculating-schemes using this fact have been published. 

In this case the 4p values of the function can be exacffy represented 
by the formula 


+{a2p-iCOs(2p—l)<-f6aj,_isin(2p—l)<}-(-a 2 p cos2p<, (49) 
which has 4p adjustable constants. These are given by (46); in this 
case, however, the last constant, Ogp, is given by 

= {-yl+y2-y^■\ —(^sc) 
It is easy to infer from (46) that in this case j/„ = ^fc(U> 
on using (44) and (46), that fi = 0. 

If r is an odd number, the exact representation of the set of values 
is given by (19), if we take h = J(r—1). 

Bartels [22] has given a direct proof, not using the differential 
calculus, of the minimum theorems of §§ 8, 12. The formulae (46) and 
(46) are valid also if, from the outset, some terms in (19) are omitted. 

16.13. The connexion between harmonic analysis and corre¬ 
lation. The correlation coefficient B for a series of pairs of associated 
values %, u^, v^',— ; u„ v^, such that the mean u and the mean v are 

each zero (i.e. 2 — 2 *’(x — “ defined (see also (11.10), p. 367, 

where, however, the notation is different), by 


Tt = 


(60) 


We will now suppose that the values of the function discussed in 
§ 12 are given as deviations from their mean (so that '2,ya — ^ or 
flg = 0), and we will identify them with the numbers we will also 
take the nxunbers cosTii^ (or sinwij, for any value of n, as the v^’s. 

= (61) 

agreeing with (47) since now Oj = 0. Then by (44) and (46) the correla¬ 
tion coefficient is 

(52) 


V(rm*xir) 


mV2’ 
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Similarly the correlation coefficient between and sinw^j, is 6 „/mV 2 . 
The factor l/mV 2 is independent of the frequency n, so that the 
harmonic coefficients ct„ and apart from this factor, are the correla¬ 
tion coefficients between the y„’s and the values of coswi or sinwi at 
the points 

A further connexion with the typical product-sums associated with 
the correlation coefficient is indicated in the following equation (64). 
If v{t) is integrable and bounded, then it is known that, in ( 20 ), 
JU.2 -> 0 as A: oo; from (26) it therefore follows that 

27r 

^ J {^(^)}^ = ^* 0+4 2 {ParsevaVs theorem.) (63) 

0 

If /(<) and g{t) are two such functions, whose harmonic or Fourier 
coefficients are a', b^, and a^, 6 ", then the mean value of the product 
fg is given by 

27r 

i J fmt) dt = JI KK+b^KY, (64) 

0 

this is because the function/-f-g' has the Fourier coefficients and 
bn+b'n, by § 10 , and similarly for/—and equations analogous to (63), 
for V = f-{-g and v = f—g, on subtraction from one another, give (64). 

16.14. The relation between the Fourier series for a continuous 
function and the series obtained from equidistant values. 
Suppose that an approximate Fourier series for a continuous function 
f{t) is obtained, as in § 12 , from r equidistant values 
fto, 62 ,.,. be the coefficients of this series, and let the infinite series 

/(<) = aj-faf cosi-f ftfsint-t-..., ( 66 ) 

be the complete representation oif{t) in the interval 0 to 'im. Then the 
coefficients and 6 „ of the finite series {n < K?*— 1 )), which are given 
by (46), are related as follows to the coefficients of the infinite series; 

a,I = «*+a?~7i+a?+n+oS—n+a2r+n+ —> ) /ggv 

bn = 65:-6?-«+6r*+«-6?r-»+6?r+»--- / 

This is readily seen to follow from the fact that, if m is an integer, and 
t^ = 27 ra/f, CT = l, 2 ,...,r, 

oos{mr-{-n)tg = oo&mrt^cosnta—Bmrmigahxni^ 

— QQsntg — ooB{im—n)tg, 
sin(mr-t-»)i„ = sin?nr<„cosni„-l-cosmri„sin»«^ 

= Bitintg == -~Bva.{mr—n)tg, 

n 


ssgi.son 
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SO that the cosine terms in (66) which have the frequencies mr±» make 
the same contributions to the values y„ as if their frequencies were all 
changed to n, and the corresponding sine terms contribute as if their 
frequencies were ±n. 

For example, if r = 3, 

«i = ai+a2+o*+®6+-; 

hence if a 3-yearly cosine wave is derived from yearly values (r = 3, 
n = 1), any 1’6-yearly wave (n = 2) that may also be present will add 
its coefficient to that of the 3-yearly wave: this case arises in the 
investigation of the 3-yearly wave of air pressure at tropical stations. 
Fig. 1 illustrates the reason for this. 

0/23 

1 ' I ' I ' I 


ElO. I. Illustrating why oosine- 
wayes of frequencies 1 and 2 
cannot be separated, if only 3 
equidistant ordinates are given 

16.15. Corrections for non-cycUc variations. It is sometimes 
convenient to eliminate the non-cydic variation after the harmonic 
analysis. To determine the correction, a linear function f{t) == /— it, 
from t — Oto 2ir, and its periodic continuation (Fig. 2) must be developed 
in a trigonometric series. The formulae (9), after partial integration, 

77 = —2(smt-|-i sm2t+Jsin3<-l-...); (67) 

This frmotion represents a discontinuity 277 at the end of each period. 
If the non-cyohc variation is d, (67) must be multiplied by dj^. 

Hence, if harmonic coefficients are calculated by applying (9) to a 
function ^Jr(i) which includes, besides a part which is periodic in the 
interval 0 to 277, a part which increases steadily by the amount d in 
tbifl interval, the coefficients 6^ may be corrected for the non-oyclio 
variation d by adding A6^, given by 

= d/77«-; (68) 

there is no correction to a„. 

Where the harmonic andysis refers to a set of equidistant values 




Fig. 2. The discontinuous periodic function 
which, between i « 0 and t =• 27r, represents the 
non-cyclic variation/(«) 3= tt 
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instead of to all values of the function, the correction is slightly different. 
The analysis in this case is made by using (45), and it is usual to replace 
Vt (2/o+?/r)/2* The calculation of the harmonic coefficients for the 
linear function (i— tt) is made by applying (46) to the corresponding 
equidistant values of this function; it leads to sums of the form 

2 o- cos ^ 

These can be obtained [22] by differentiating (43). 



Fia. 3. Tho loft-hand curves, which represent the stuns of the first 3, the first 6, 
the first 9, and the first 12 terms (respectively) in the Fourier series for the 
discontinuous periodic function/(^) = i— tt, illustrate the Gibbs phenomenon. 

The upper right-hand curve represents the Ceskro sum of the first 12 terms. 

The lower right-hand curve represents the sum of the Fourier series (of 24 
terms) which agrees exactly with the 24 equidistant ordinates of /{t) 

It is found that, as before, tho coefficients need no correction, 
while to the coefficients 6„ we must add [22 or 26 a] 

A6„ = ^oot^; (69) 

T T 

for y = 00 this agrees with (68). 

16.16. Gibbs’s phenomenon and the convergence of the 
Fourier series. The left part of Fig. 3 illustrates the approximation 
of the 'partial’ sums of the first 3, 6, 9, and 12 terms of (67) to the 
function t—ir. In accordance with (27), the representation steadily 
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improves as the number of terms increases. But near the points of 
discontinuity a: = 0 and x = 27r, the partial sums show appreciable 
oscillations. In the partial sum the last wave before the discontinuity 
always rises by about 0-09d above the function, however many terms 
be taken (d here denotes the discontinuity, in this case 27r); the next 
nearest wave falls below the function by 0-05d, the third rises above 
by 0-033d, and so on. This wave pattern is confined within a narrower 
interval round the points of discontinuity, the greater the number of 
terms, but the amplitude of the waves remains finite. At the discon¬ 
tinuity itself, the partial sums represent the mean of the values to 
which y tends on the right and the left—^in the present case this is 
zero. 

This behaviour of the partial sums is known as the Gibbs phenomenon-, 
it occurs similarly in expansions in series of other functions, e.g. of 
Legendre functions. It is not contradictory to the niinimnl condition 
(20), which is fulfilled by each of the partial sums; because (20) only 
requires the best possible approximation over the whole interval, and 
at individual points the difference between the function and the partial 
sum can be arbitrarily great. But it can be shown that such large differ¬ 
ences must be confined to the points of discontinuity; for in every 
interval in which (including the end-points) the derivative/'(i) of/(<) 
is continuous, the Fourier series converges uniformly. That is to say, 
the absolute value of the difference fify—tjsjft) in the whole of such an 
interval can be made less than any assigned arbitrarily small number e, 
if the number of terms, h, exceeds a definite limit K, which naturally 
depends on e. 

It is obvious that sharp bends or angles in /({) can only be approxi¬ 
mated to by terms of high frequency. Thus the harmonic analysis of 
the daily variation of air temperature near the ground in general requires 
a long series of terms, because of the sudden rise near dawn. 

The averages of the partial sums—^the so-called Ceskro sums—do not 
show the Gibbs phenomenon (Fig. 3, upper right). Fig. 3, lower right, 
shows also the exact representation for r = 24 ordinates, with the 
coefficients (69). 

16.17. The influence of smoothing. The values to be analysed 
often do not refer to a single instant, but are averages over a time- 
interval, to whose centre they are ascribed—^for example, hourly or 
monthly means. As the operation of averaging is a linear one (in the 
sense of equation (30)), its influence can be examined with reference 
to each single term of the trigonometrical series. Let the range 0 to 
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2ir be divided into p sections of length 2v/p. The mean value of sinnf 
in the interval t—{2n/2p) to <4-(27r/2j9), of length 2itIp, centred at t, is 

t-h7rjp 

sinnt = J i{cos w(«-7r/p)-cos7t(f+ff/2))} 

i-ilp 

or, because of (16), 

sinwi = — sin—sinni. (60) 

im p ' 

For sin(TO<-l-^«,) S' similar result holds. The averaging over intervals of 

VO 


OS 


00 


Fio. 4. The function (sin <i))/eu, where <o is the circular 
measure of an angle (shown here in terms of degrees) 

length 2vIp therefore leaves the form and phase of each single wave, 
for n <p, unaltered, but reduces its amplitude in the ratio 

(sinci»)/a), where co = nTr/p. (61) 

Fig. 4: is a graph of (sinco)/co. 

Conversely, if a series of mean values is analysed, the effect of the 
averaging or smoothing can be corrected for by multiplying the ampli¬ 
tudes by a)/sina). For hourly means, and the periods 24, 12, 8, and 6 
hours, these factors are 1‘003, 1-012, 1'026, and r047, respectively. 

The amplitudes of higher frequency are more reduced by the smooth¬ 
ing or averaging than those of lower frequency. For n = p the factor 
(61) is zero, and for n> p becomes negative (Fig. 4). This possi¬ 
bility of the inversion of a wave by smoothing can be illustrated by the 
case of the curve sin®, when averaged over intervals 3ir: (61) then 

gives (» = l,p = |)ci) = 37r/2, and the reduction factor—— = —0'213. 

OTT 

16.18. The harmonic dial. In geophysics it is often desirable in 
connexion with different series of data, to compare their periodic 
components of the same frequency n, by using a graphical representa¬ 
tion which indicates both the amplitude and the phase. The vector 
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character of a sine wave enables this to he done. In a plane coordinate 
system, in which is measured upwards, and to the right (Fig. 5) 
each periodic component is associated with a point P having the co¬ 
ordinates 6„. The vector from the origin to this point has the length 
c„, by (11), and its inclination to the axis is a„, and c„, e„ are 
therefore the cartesian and polar coordinates of P. 

We note also that, if i = .v/(—1), and exp a = e“, 

c„cos(«.«-f = c„expi(?i<-l-ej 

= c„exp(ie„)exp(m<). (62) 

Hence the sine wave c,„sin(«<-l-e„) can he regarded as the imaginary 

part of a complex periodic function with the time-factor This 
illustrates the connexion between our vector representation and the 
customary representation of complex numbers—^in this case, of the 
amplitude c„exp(ic,^); this analogy has, of course, found manifold 
applications in electrotechnics, e.g. to the characteristics of alternating 
currents. 

The maximum of the sine wave occurs when there¬ 
fore at , 

= (63) 

Tb 

Suppose that, besides the scale for angle, e„, measured from the axis 
in the anti-clockwise direction (Fig. 6), a scale of time is also inserted 
on the diagram, measured from the axis in the clockwise sense. By 
choosing the time scale suitably, the vector which indicates and 
will also indicate the time of the maximum of the sine wave. For the 
24-hourly (diurnal) component of the daily variation, in which from 
midnight to midnight t increases from 0 to 27r, the time-scale is 16° per 
hour, and goes from 0 to 24 hours; for a semi-diurnal wave {n = 2) the 
scale is 30° per hour, and goes from 0 to 12 hours like the dial of an 
ordinary clock. Hence the name ‘ harmonic dial ’ introduced by Chapman 
[27 a] for this mode of representation for any value of n. 

The additive property of the Fourier coefficients a„, (§ 10) for 

components of equal frequency n extends also to the vectors, where it 
appears as vector addition. Again, a change of time-origin, as, for 
example, from local time to world time, can be made by a simple 
rotation of the coordinate system; if 

t* = t+tl (64) 

then sin(«,i-(-e„) = sin(»<*-l-6j), where 


(66) 
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thus, keeping the vector fixed, the axes of and b^, and with them the 
time scale for t*, must he turned anti-clockwise through the angle nt^ 
relative to the a^, axes (Fig. 6). 

The ‘blank’ for a harmonic dial of a certain frequency contains the 
origin 0, a linear scale for the amplitudes (or a number of circles 
around 0 corresponding to certain values of c„) and a circular scale 
at the edge, graduated in angle and also in time; this time-scale, 
incidentally, indicates the length of the period T. Changes either in 
the units in which c,i is expressed, or in the time-origin, are easily made 





Fig. 6. Illustrating the properties 
of a harmonic dial for the sine wave 
COB nt +sin nt 

= c„ sm(nt+€n) 



Fig. 6. Illustrating how the 
harmonic dial is changed by an 
alteration of the time origin 
(t* = t+t*) 


by renumbering the respective scales. Each point P entered, as a dot, 
on this blank represents, by the vector OP, a sine-wave of the period T. 
Since the blanks for harmonic dials of the period T for the intervals 
i = 0 to 27, T to 2 jP, 2T to 3T, etc., are identical except for the number¬ 
ing of the circular scales, which differ by multiples of T, they can all be 
combined into that for the interval t = 0 to T, because the dots derived 
from various intervals can be indicated by marking the dots P with 
explanatory letters or symbols. For instance, 24-hourly waves for 
different days can aU be shown in the same dial. 

Fig. 7 contains three harmonic dials, whose signiBicance is indicated 
below them. The end-points of the vectors for the 24-hourly waves 
derived from the international quiet days (6 per month), the ordinary 
days, and the international disturbed days (6 per month) are indicated, 
and joined together. Especially in the vertical intensity it is strikingly 
shown how, with increasing degree of disturbance, the 24-hourly wave 
not only increases in amplitude, but also changes in phase. The dia¬ 
grams illustrate, in a clear and concise manner, various characteristic 
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features of the daily magnetic variation, already discussed in Chapter 
VII, as, for example, the differences between the seasons of the year. 

16.19. Numerical harmonic analysis. The actual computing 
labour involved m evaluating the fundamental formulae (45) may be 
minimized by suitable arrangement of the work. Elaborate tables [20] 



Fig, 7. Harmonio dials .for the diurnal (24-hourly) sine-waves in the daily variations of 
the north, east, and vertical components of magnetic force at Potsdam-Seddin. Moans 
1916 to 1926, for the international quiet days (Q), disturbed days (D) and the ordinary 
days (moderately disturbed, Af), for the three seasons: northern solstice May to 
August), southern solstice {SS, ITovember to February), and equinox (JSq). The ampli¬ 
tude scale is shown by the circles, drawn at 6y intervals; the direction from the central 
origin to each dial-point (Q, M, or D) indicates the time of maximum departure, 
(Local time is obtained by adding 2 hours to the values read from the time scales) 

have been worked out by Poliak which give the multiples of various 
sines and cosines occurring in (46) for different numbers (r = 3,4,..., 40) 
of coordinates It must be realized, however, that the use of many 
digits in the calculations would in many oases be unjustified, because 
of the only moderate degree of precision with which, the values are 
known, Therefore if a great number of harmonio analyses *have to be 
made for similar material, the following simplifications are convenient: 

{a) The angles nt for r = 24 (hourly values) or r = 12 (monthly or 
bi-hourly values) are all* multiples of *6® or 30®, Hence the numerical 
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factors by which the values y„ must be multiplied are limited to 0, ' > 
0-269, 0-500, 0-707, 0-866, and 0-966. Multiplication by means of 
Crelle’s or Cotsworth’s' tables [45] or a slide-rule is usually sufficient. 

The division by r may partially or wholly be embodied in the multi¬ 
plication factor. Since 12 = 2x3x4, when r = 12 the first four 
harmonics are most easily calculated by using the following scheme: 
Divide the set to into two half-sets to be added and subtracted: 

2/o Vi Vz Vz Vi 2/6 

2/e Vi Vz Vz 2/10 Vix 

For n = I and n = S, we first form the differences 

^o = y<i-yz> «^i = 2/i- 2/7. «^6 = y5-2/u- . 

Then (46b) becomes: 

= {do-t-0-866(di-d^)-l-0-6(dsj-d4)}/6, 

' = {0-6(di-|-d5)-|-0-866(d2-l-d4)-|-d3}/6; 

” (^0— 

^8 — {^1 — 

For n = 2 and 4, we use the sums 

«0 = 2/o+2/6. «1==J'i+2/7. «5 = 2/5+2/11- 

Then = {(Sq — ^8)+®'®(^i ^2 ^ 4 +^ 5 )}/®* 

62 = 0-866(Si-1-52—®4— 

®4 “ {(^o+^s)—0‘6(%+52+S4-4-S6)}/6, 

6 ^ 0-866(5]^— -^2’+^4 ”"^ 5 )/^- 

Simple factors occur also for r = 8, namely 1, 0-707 and 0. Where 
many sets yg. are to be analysed, it is advisable to write all the calcula¬ 
tions for one set (row) of r ordinates on the same line; the analysis 
can then be checked by adding the columns for, say, every ten rows; 
see also p. 606. 

(6) For other values of r, it is sometimes advantageous to transform 
the series into one with a more suitable value of r. Such a case arises in 
treating the 27-day recurrence tendency. To find the first, second, and 
third harmonic from a set of 27 daily values, it suffices to form a new 
set of 8 values, each being the sum of 3-6 original ordinates, 

Vx — yi+2/2+2/a+0-5y4, — O-Sy^+y^+yt-i-yj, 

Vj = O-ey^H-yg-l-yj-l-yio, v^ = 2/u+2/i2+2/i8+0'%i4, 

Vg = 0-6yj4-l-yi5-l-yie-l-7/i7, ®g = 0‘6yi7+yi8+2/i»+2/2o» 

Vi = 2/81+2/22 +2/88+ 0-J52/24, »8 == 0'62/a4+2/a6+2/a6+2/a7- 

S&95.80n •» 
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If the time to which refers is called the day 1‘0, then the w-values 
are not exactly equidistant, because they refer to the days 2-3, 6-7, 
8-7, 12*3, 16-7, 18-7, 22-3, and 26*7, whereas the days equidistantly 
spaced (be ginning with 2-1) would occur a few tenths of a day (on the 
average 0’16 day) earlier or later. It is possible to make a correction 
for the irregularity, and the equivalent case of the harmonic analysis of 
monthly means (owing to the unequal length of the months) has 
attracted the attention of some geophysicists [13]; however, in geo¬ 
physics it is hardly worth while to apply such corrections, or (expressed 
differently) where such small corrections may seriously alter the con¬ 
clusions, these do not invite much confidence. 

(c) The use of successive di;fference8 (or progressive changes) of the 
ordinates, namely % = Vx—yo, etc., has already been mentioned (§ 6) 
as sometimes simplifying the numerical work. For sufficiently small 
time-intervals A< = 2iT/r, 

*1 4“ (dylM)xAt; 

differentiation of (10) shows that, corresponding to any term 

c„sin(««-f-en) 

in y, there is a term c^sin(rii-l-e4) in z, with 

For differences with a finite time-interval 27 r/r, the corresponding 
accwate relations [25] between the harmonic results and for the 
set z„, and c„, for the set y„, are as follows. For the amplitudes. 

On = c4/2sin(»iff/r); 

for instance, for r = 12, Cj = I'OScj, Cg = C 2 , Cj = 0*707c3. As to the 
phases, the relation depends on the time assigned to that difference 
z which is multiplied, in the harmonic analysis, by cosO“ or sin 0®; if the 
time for the full period is 27r, is half-way between the times for the 
two values y„ from which that difference was computed (for instance 
in the case of hourly means from midnight to midnight, the difference 
in question may be the change from 0’6 to 1*6 o’clock; then corre¬ 
sponds to 1 o’clock, or 16®). Then [26 a] 

= e^^—(nto+90°). 

If a set of points on a harmonic dial gives the results c^, ^ number 

of sets of differences z„, the corresponding results for the sets of original 
values yg can be inferred by means of a modified scale for the amplitudes, 
and by taking new axes Oa (for aj and Ob (for 6„), which are rotated 
anti-clockwise, relative to the Oa', Ob' axes, through the angle (90®-|-n<o). 

(d) Many formal schemes for harmonic analysis have been devised, 
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but for practical use in geophysics those mentioned are found the host. 
The beginner is apt to calculate too accurately; as a curiosity, a 
scientific paper may be mentioned in which tho ])hasos of the diurnal 
temperature waves, from ordinary thermographs, wore given to 
seconds. In for diurnal waves, tenths of a degree (corresponding i.o 
less than 1 minute in time) may be retained in results from long series, 
but have no meaning for single days. 

The phase-changes which must bo made for tlie various liarninnie 
components of a solar daily variation, in oi’dor to change their time 
basis from mean to apparent solar time, have already been given in 2.115. 

16.20. Mechanical and optical harmonic analysers. In practice 
it is sufficient in most cases to make numerical calculations according 
to the formulae of §§ 12 and 19. For the evaluation of the integrals (9), 
integrating instruments have been devised, such as Mader’s liarmonio 
analyser [25], or tho optical devices duo to Douglass [lO] and Rtuinpff 
[9]. The use of Hollerith machines, working with cards with holes 
punched in them, has been developed by I’ollak [21], for investigations 
of periodic terms. Chapman has also independently developed and 
extensively used Hollerith machines in the investigation of lunar daily 
variations in geophysics, in which large masses of data liave to bo treated. 
Tide-heights in harbours are analysed and predicted by special tidal 
calculating machines (cf. Rauschelbach [46]). 

16.21. Graphical harmonic analysis: physical analogies. Tho 

following geometrical interpretation of tho formtdao (46) helps towards 
the understanding of the subsequent discussion of errors. 

As an example, wo use international magnetic character-figures (7 in 
a row of 27 days, preparatory to discussion in § 33. Tho 27 magnetic 
character-figures O for tho solar rotation starting April 14, 1926, have 
been plotted in the top part of Fig. 8. This sot of 27 ordinates can bo 
regarded as a sum of 27 primitive sets, in each of which all the ordinates 
are zero except one (the first throe of those sots are plotted in Fig. 8 A). 
That is to say, the set of ordinates 


?/l> ?/a) Ur 

is equivalent to the sum of the primitive sets 


0 0 
0 ^2 0 

0 0 S'8 


0 

0 

0 

Vt’ 


0 0 


0 
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Fig. 8. Diagrams illustrating the graphical harmonic analysis, or folding process, for the 
international daily magnetic oharacter-«figures C for the 27 days April 14 to May 10, 
1926, for the periods of 27, 13*5, and 9 days. (In Fig. C, for a?p, yp, v read w) 
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According to (46), the harmonic coefficients, multiplied by Jr, are 
given for each primitive set, for the frequency n, by y„co&ntg, y^sinni^ 
(where a = 1, 2,..,, r): the representation in the harmonic dial (Fig. 8 C) 
is a vector of length forming the angle ntg with the direction OA, 
because the projections of this vector are equal to the coefficients 
multiplied by Jr. The sum of these r primitive vectors has, according to 
(45), the projections Jra,j, Jr6„, and therefore represents the sine wave 
for the original set. In our example (the set of 27 ordinates in the top 
part of Fig. 8A) r = 27, = 27T/r = 13-3°: for a sine wave of 27-day 

period, n = 1, and the angles ntg for the successive primitive vectors 
are 13*3°, 26-7°, 40-0°,..., 360-0*’; the process of summing the vectors 
consists in joining together a set of fines equal in length to the ordinates 
yg, at inclinations increasing successively by 13-3° (Fig. 8 D). The vector 
between 0 and the end-point, P, should be divided by Jr (= 27/2) to 
obtain the amplitude c^: instead, we can measure it on a scale enlarged 
(27/2) times (the radial scale for OP is indicated in Fig. 8D). Thus we 
see from Fig. 8D, on comparing it wfith Fig. 6, that the orthogonal 
coordinates of P, in units of 0, are Oj = -f 0-49, = -1-0-12, and its 

polar coordinates are = 0-50, aj = 76®: the sine wave, therefore, is 

-l-0-49cos«-l-0-12sin# = 0-50sin(i-(-76°). 

Its maximum occurs at about the time t = 14°, or 
t = 14 X (27/360) = 1-05 

days, or, since the time 1 day designates Greenwich noon of April 14, 
1926, about 1 o’clock in the afternoon of that day. 

If all the ordinates yi,yz,—,yr 'were equal, the construction in Fig. 
8Z> would lead to a regular polygon ending at the origin, that is, to 
vanishing coefficients, as would be expected. From the principle of 
superposition it follows, therefore, that a positive or negative constant 
can be added to aU the ordinates ijg without changing the harmonic 
coefficients. For instance, the arithmetic mean can be subtracted, 
which amounts to measuring the ordinates as positive or negative 
deviations from the level a^ (Fig. SB); the corresponding construction 
of Fig. 8 B, plotting negative ordinates in the reverse direction, leads, of 
course, to the same point P as in Fig. SB. 

Figs. 8F and 8 (? are analogous to Fig. 8 jD, and show the construc¬ 
tion of the harmonic coefficients for the frequencies = 2 and n= 3, 
or for periods of 13-6 and 9 days. The scales for the time of maximum 
are indicated on Figs. 8F and 8G, while the scales for OP are the 
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same in all the diagrams Si), Si?, &F, and 8G. The sine waves of 
frequencies 2 and 3, in units of C, are 

+0-16cos2^—0-20sin2^ = 0*26sin(2<-t-141°), with maxima on the 
days 11-6 and 25-1; and 

—0-06 coa3^+0-46 sin 3f = 0-46 sin(3i+353°), with maxima on the 
days 2-4, 11-4, and 20-4. 

The construction in Figs. 8D, 8 F, and S O can be interpreted as follows. 
Imagine a, folding scale having links with the lengths of the ordinates ?/„. 
If stretched out, as illustrated in Fig. 8H, its entire length is equal to 
the sum of the ordinates, that is, in the general case, ra^. Suppose 
now that each link is turned so as to make the angle S60°I27 = 13-3° 
with its neighbour; we then obtaiir Fig. 8D; similarly if the angle is 
2 X 360°j27 or 3 X 360727, we obtain Figs. 8 F and 8 0. In general, this 
turning of the folding links throtigh the angles n x 27rjr furnishes 
and and the distance of the end-point from the origin is 

The conception of this harmonic folding process will be helpful later. 
Graphical harmonic synthesis has been discussed elsewliere [25 a]. 

Usually only the result of the folding process, that is, the point P, 
is retained in the harmonic dial. Nevertheless, and although for most 
actual computations numerical or mechanical harmonic analysis is 
preferable to graphical analysis, it is sometimes useful to recall the 
folding process as producing the vector OP, because it reveals the 
contribution of each single ordinate to the final vector. This con¬ 
tribution is particularly clear in the folding of the deviations from 
the arithmetic mean (the folding scale itself then having positive and 
negative links); in Fig. 8 B, the large positive ordinates 1 to 3 and the 
large negative ordinates 16 to 19 make the largest strides towards P. 
For illustration. Fig. 9 shows, for an exact cosine wave of 9 days’ 
period, the folding process for the frequencies 1 to 4 (periods 27, 13'5, 
9, and 6*76 days) in a set of 27 days. 

The folding process is also a good illustration of the remarks in § 19 (a). 

In the wave theory of optics the superposition of sino waves of equal 
frequency but of different phases and amplitudes is the fundamental 
problem of diffraction phenomena. We may mention the Cornu spirals 
as an example of the representation of single waves by vectors, and their 
superposition by graphic addition. In electrotechnics alternating currents 
are discussed with the aid of diagrams similar to the harmonic dial. 

16.22. Thetheory of errors. For scalar magnitudes, each specified 
by a single number, there exists a set of mathematical theorems often 
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called the ‘Theory of Errors’, though they are applicable also in the 
statistical discussion of frequency distributions of magnitudes that are 
free from errors. The same considerations may be extended to vectors; 



Fia. 9. The graphical harmonic analysis, or 
folding process, illustrated for the periods 
of 27 days, 13-5 days, 9 days, and 6*75 days, 
m a series of 27 ordinates representing a 
pure 9-day wave 

as the basis of the generalization we choose, from among the various 
alternative foundations of the theory of errors, the so-called hypothesis 
of elementary errors. This assumes that every single error of observation 
(or, more generally, every deviation of an individual value of a series 
of similar observations &om their mean value) is due to the superposition 
of very many small errors, which are of random sign, positive or 
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negatiye. A series of assumptions—^wMoh are often, but not always, 
justifiable—^then leads to the known normal law of error-firequeney, 
whioh can be formulated as follows. 

Let the observed errora be since they are deviations of 

individual observations from the mean, ~ The probability 
that an error lies between i and i+di is given by 

where m® = (ii+il+...+i%)/N. (67) 

The distribution law (66) is therefore determined by a single parameter 
m, whioh is called the standard deviation, or by m^, called the variance 
(§ 12 ). 

Two other quantities are sometimes used to characterize the magni¬ 
tude of the errors If the distribution of the errors follows the law 
(66), these quantities stand in a fixed ratio to m. The first is the average 
of the numerical values of the errors, namely 

(m+\h\+--+\inm; 

this equals 0’798m. The second is the so-called probable error p; this 
is defined by the property that, in a large number of errors distributed 
according to the normal law, there are just as many errors numerically 
greater than p as smaller than p. This definition suggests the method 
by which we may find an approximate value of p from {jn actual finite 
set of data, namely, by arranging the data according to their size, 
finding the two values below and above whioh one-quarter of the total 
number of data lie, and halving their difference. For the normal law, 
it can easily be shown that 

p = 0 ' 6746 j ». 

The normal law, as well as other frequency-distributions of scalar 
quantities, is discussed in text-books on statistics and the theory of 
probability, to which the reader is referred [11.1-8]. The much discussed 
distinction between ‘true’ and ‘apparent* errors—depending largely 
on the difference between N and {N—1 )—^is mostly irrelevant in 
geophysics if the number N of observations is large enough. Much more 
important is the property of conservation, discussed in § 27. 

In the case of a distribution of errors not merely along a line but 
in a plane, the hypothesis of elementary errors leads to the question 
of the ‘random wcdh’ (Pearson’s problem [28]): Someone proceeds ^ 
metres in a straight line from a point 0, then turns through an 
arbitrary angle and goes Zg metres farther, and so on successively. The 
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relative frequency of the lengths of the straight lines is supposed to 
be given. What is the probability that the end P of the zigzag path, 
after N such steps, is at a distance from the origin O, which lies between 
r and r-\-dr ? (Pig. 10 {a)). Here the ‘probability’ means, as usual, the 
relative frequency, i.e. the ratio of the number of the selected cases to 
the whole number of cases, in the average 
over a very great number of trials of N 
steps each. 

16.23. The asymptotic solution for 
the random walk. The problem of the 
random walk has been solved by P61ya 
[28 a] (following Lord Rayleigh [1] and 
Kluyver) for a finite number of displace¬ 
ments Zi, Zgj •••; he has also generalized it 
to sj^aces of any number of dimensions. 

We here consider only the asymptotic 
solution for very many, very small, dis- the random 

placements. This is given by the following 

probability theorem due to Markoff, which Laue [29] has newly derived, 
and further generalized, for the discussion of the superposition of light- 
vibrations (for a more exact mathematical treatment, see, for instance, 
Tornior [11.5] or Khintchizie [11.8]). 

Consider N independent variables Xp x^,..., x^, where iV is a large 
number; those variables are supposed to bo able to take any value 
within a range X to X' (the same for all), and the probability that any 
variable shall lie within any small interval of this range, x to x-\-dx, 
is supposed to be the same for all the variables; it will be denoted by 
p{x) dx, such that X' 

j p{x) dx = 1. (67 a) 

X 

Let /i(a:i), /2(a:a),...,/jv(%) and OiiXy), gi{x.i),..., gAr(a;,v). be two series of 
functions of those variables. The probable value of any such function is 

A" X' 

/ or J !7,,(»„)p(»,,) dx; 

X X 

this is called the expectance of the function. We will suppose that for 
the functions / and g the expectance is zero, so that 

) dx^ = 0 ( 68 ) 

for all values of n. 

r 


J fMpM 


J 9ni«!jpi^„ 
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Let 

n 

4 = X 

n 

^gg == ^ 

n 

and let J ~ Jf,Jgg-J%. (70) 

Then J^f, Jfg, and Jgg are the expectances for the sums of the functions 

fl fnffn, and gl 

Let w{u, t) dvdt denote the probability that the two following condi¬ 
tions are both satisfied: 

i < IfnM < *+<^4 « < 2 < U+du. 

71 71 

The tlieorem (which will not be proved here) states that 

w{u,t) = -~jjex]p{-{Jggfi-2Jfgtu+J^fU^)l2J}. (71) 

In connexion with the problem of the random walk in a plane, /„ 
and may be interpreted as the rectangular components of the ?ith 
displacement and a:,j as the inclination of the displacement to the 
/-axis, so that /„ = Z„cosa;„, — Z„sina;„; the length Z„ is supposed 
to be some function of a;.„, which itself may take any value between 
0 (~ JC) and 2tt (— X'). If all directions x.,^ are equally probable, 
p{x) — lj2n. The zero exjjectances of/„ and g.„, (condition (68)) imply 
that positive and negative components of Z„, along either axis, are 
equally probable. The function w{u, t) gives the probability (per unit 
area) that the end point P of the random walk of N steps shall lie in 
the neighbourhood of the point {t,u) in the plane; according to (71), 
the locus of points of equal probability is the curve 

Jggt^~2Jfgtu-\-JjfV?‘ ~ coustarit, 

which is an ellipse because Jn and J^g are necessarily positive. 

In the case of sets of functions /„, g^ whose expectances 0,i) 
not zero, the theorem is applicable to their deviations (/4, Qn, say) 
from these expectances, that is, to the sets of functions gg^—G^. 

We may note that the correlation coefficient between the /„’s and 
Sere’s, by (60), is equal to- 





(72) 
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Because of this relation, the surface whose height above the (/, g) plane 
is w{u,t), given by (71), is called the ccyrrelation surface. 

The equations take their simplest form if the sets of functions 
and are norrnalized, each being multiplied by such factors as will 
make = 1, = R. In this case, if the functions and 

are independent of each other, so that R = 0, the ellipses become circles. 

16.24. The random walk with unit displacements. In the 
simplest case of the random walk all the displacements are of the same 
length unity =1). Hence, in the formulae of § 23, 

X = 0,X' = 2ir; /„(«„) = cosa;„, gr„(a:„) = sin*,,; 

w{u,t)dudt = ex]^{—{t^+u^)IN} dudt. 

In polar coordinates, writing = r®, and taking the surface element 
to be a thin ring ^Trrdr, the probability w{r) dr, that the end-point is in 
the ring with inner and outer radii r and r+dr, is given by 

w{r) = (2rjN)exp(—r'^IN) (JRayleigh^s f(mntila [1]). (74) 

By simple integration the easpectance (that is, the value to be expected 
in the average of a large number of cases) for the average distance of 
the end-point from the origin, for a large number of such random walks, 
is clearly «, 

= J rw{r) dr = = 0-886VJV; (75) 

0 

this is the expectance of the distance OP. The mean value of the square 
of the distance is „ 

.®| = J rhe{r) dr = N. (76) 

0 

The probability F^(i2) that the distance of the end-point from the 
origin exceeds a fixed limit 

J2 = k'^N = kE^ 
can be given explicitly, by 

CO 

TF(B) = J w{r) dr = exp(—jB®/.Sr) = exp(— k®). (77) 

It 

(In the case of linear errors, the analogous expression cannot be inte¬ 
grated explicitly.). 

The formula (76) for the expectance E^ is more fundamental than the 
distribution law (74), and can be derived directly, and in the more 
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general form corresponding to unequal displacements as follows. 
Suppose that the displacements are taken at random from a large 
number of values (» = N may be any 

number (2, 3,...), while 31 is supposed to be large. The average square 
of the disjilacements is given by 

n m 

The mth of 31 random walks, with N displacements Cj ,,,, .. 

at angles respectively, leads to a point P such that o'P^ 

is equal to 

(Ci_,„ cos ...+cos )H sin ...+c,v,,„ sin 

= cL/»+-H-c^,„,+‘niixed’ terms, 

the latter being of the form 

cos a:2,,„+sin sin x.^J = co.s(a-i,„,-a;2_„,); 

because of the randomness of the angles a;,, the sum of the mixed 
terms is of the order 31^ only (by the law of propagation of errors, § 1), 
while the sum of the squares is 31Nc^. Therefore for large values of 31 
the average squared distance, is given by 

El = Nc^, and B^ — c\lN, 

which is a generalization of (76) (that equation refers to the special 
casec„ „, — ] ■--- c), and valid for iV = 2, 3,.... The distribution formula 
(74) is, however, only the asymptotic formula for large values of N] 
Pearson [28] derived the exact distribution formulae for N — 2, 3 ,.... 
Fortunately, for practical purposes, (*74), or its more general form for 
displacements of mean square length c, namely 

U)(r) -•= (2?'/cW)exp(—j-^cW), (78) 

is a good approximation to these exact laws, even for such comparatively 
small numbers as iV = 10, provided that r is sufficiently small compared 
with cN, the maximum value of OP; this value can be reached only by 
N displacements c which are all in the same direction; naturally this 
is an extremely rare case. 

16.25. The harmonic components of a random set of numbers. 

The probability theorem of § 24 will now be applied to find the probable 
distribution of the harmonic coefficients a^ and b^, or of the amplitude 
Cg and phase €g of the ath harmonic CgSin(a<+eg), in the expression of the 
type (19) by which, for the values t,^ = 2-JTnlN, we may represent a 
set of iV numbers »„(«.= 1 to « = N), when these numbers are chosen 
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at random from the whole range of positive and negative numbers; in 
this case, therefore, the limits X and X' of § 24 are 
For this purpose we choose the functions/^ and as follows: 

= (2/iV)(cossfJa;„, g^ipCn) = (2/JV)(smsiJa;„. (79) 
Then (in the present notation) the equations (45) indicate tliat 

«* = f /«,(«»). = 2 9'n(®w). (80) 

n=l n=l 

and ffig, bg are the coordinates of a random walk of N steps (/„, g^. 

Since the numbers are chosen at random from the whole positive 
and negative range, „ 

= 0. (81a) 

— 00 

CO 

Let j x^p(z„)dx,g, (81b) 

— 00 

BO that /t® is the variance, or square of the standard deviation, of the 
set of numbers to be analysed. Also let 

= (i^/N, (82) 

so that m®, by the law of propagation of errors (§ 1), is the variance for 
the average of the N numbers. 

The numbers Jf^, Jjg, Jgg, and J of (69, 70) can be evaluated in terms 
of m® with the aid of (44); we obtain Jjg =0, Jff = Jyy = 2m® = V</, 
and from (71) it follows that the pi’obability to{r) dr that the amplitude 
Cg lies between r and (r+dr) is 

w{r) = (»'/2m®)exp(—r®/4m®). (83) 

This result contains only m, but not the frequency $, and is therefore 
independent of the period. 

Since (83) may be derived from (74) by merely writing 4m® instead 
of N, it follows from (74, 76) that the expectances for the amplitude 
and Ei for the square root of the average squared amplitude are 

Ey = mVir, (84) 

Ei == 2m. (86) 

The probability that the amplitude i2 is exceeded is (of. (78)) 

^■(22) = exp(-J2®/4m®). 

Expressing E as a multiple of Ei or E^, in the form 

22 Kj E^f 22 = k2 E^) 


(86) 
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(86) can be written as follows: 

= exp(—n-»ff/4), W{k^E^) = exp(— k|). (86 a) 

The following table contains several values of k^, which correspond 
to simple values of W{k^E^)\ 1F(0-32^2) = 0-9 implies, for example, 
that on harmonic analysis of a large number of sets of N random 
numbers, such that each set has the same standard deviation fi, it 
will be found that jg of all the amplitudes exceed 0-32^?2 or 0-64ja/V^. 

Table 1 

If, = 0 0-32 0 47 O-GO 0-72 0-83 0-90 lUO 1-27 1-52 2-15 2-63 3-04 3-72 4-29 4 80 5-26 
Tr(if,B,) = 1-0 0-0 0-8 0'7 0-6 0-5 0-4 0-3 0'2 0-1 lO”" 10”“ 10“* 10~* 10“* lO"*" lO"** 

The circles with the radii k^E^, which correspond to TT = 10, 0-9,..., 
0-1, divide tho plane of every liarmonic dial (for whatever frequency) 
into ten circular rings, within each of which one-tenth of all the end¬ 
points are situated. The probable-error circle, which divides the plane 
into two regions containing equal numbers of end-points (W = 0-5), has 
the radius 0-833£^2- The relation between the average amplitude E-^ and 
the root of the mean squared amplitude, E^, is, by (84) and (85), 

= 0-88Gl?a. (87) 

Both tho parameters and E^ are commonly used, but E^ is preferable. 

16.26. Effects of observational errors on harmonic coefficients. 
Tho preceding formulae enable us to determine the uncertainty in the 
harmonic coefficients for a component of any period, calculated from 
a set of N equidistant values of some observed quantity, when each of 
these values includes not only the sum of the contributions made by 
the truly periodic variations to which the data are subject, but also 
includes a random part ar„ (of known standard deviation). The random 
part may bo made up of errors of observation, and of tho aperiodic 
variation g{t) (in the notation of § 1). 

In goophysiiial <lata tho part of whwth ciorresponds to mere errors 
of observation (or on-ors whoso effects are similar to theirs) can often 
bo neglected. But as already shown in § 4, in geophysical applica¬ 
tions g{t) often inclu<ios groat waves, whose effect on successive 
ordinates (e.g. hourly values) changes only slowly. Hence this part 
does not satisfy tho oritorion of randomness, which is presupposed 
in the deduction of (83). A direct application of the formulae (82)- 
(86) would consequently lead to inadequate estimates of the actual 
errors. 

Nevertheless tho formulae (83) to (87) can usually be formally 
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adopted; but in these cases the parameter m (or, what is equivalent, 
or JSJj) cannot be deduced from the ‘scatter’ jii of the individual 
ordinates, but must be determined, subsequently, in other ways. This 
can be done when the material from which the harmonic components 
are to be calculated is subdivided into several equal parts, and each 
part separately analysed. For each harmonic component the coefficients 
ttg, 6g, derived from the separate parts of the material, are plotted as 
points on the harmonic dial. The deviations of these points from their 
centroid or mean position are used in estimating the parameter m, just 
as the uncertainty of the measurements of a scalar magnitude must be 
found from the deviations of repeated measurements from their mean 
value. 

In order to show clearly the considerations involved in determining 
m, we start with a discussion of what may be called the 'morphology’ 
of geophysical time-series [23]. 

16.27. Random series, and series with conservation. Consider 
a number of values (ordinates) y„ of a geophysical quantity given at 
equidistant time-intervals A^. Regarded as a ‘population’, in the sense 
of mathematical statistics, it can be submitted to the ordinary proce¬ 
dures for computing averages, frequency-distributions, standard devia¬ 
tions, etc. These statistical conceptions, and the laws concerning them, 
have mostly been developed with refeienco to random series (such as 
dice-throws), or to biometrical data. Now there is a fundamental 
difference between such sots of data (for instance, lists of heights of 
individuals arranged in the alphabetical order of their names) and the 
time-series of geophysical observations [23]. Successive data in the 
former case are mostly independent or random, whereas geophysical 
data mostly show positive conservation, by which it is meant that high 
values are likely to be followed by relatively high values, and low 
values by relatively low values, because of the usual gradual variation 
of the data; this is so, for instance, for the hourly values of the atmo¬ 
spheric pressure, for the daily sunspot figures, and so on. In B'ig. 11 a 
three examples are given: (1) for a set of random ordinates, constructed 
with the help of Tippett’s [24] Random Sampling Numbers, (2) for 
a set of differences of such random ordinates (see below), and (3) for a 
set of daily relative sunspot numbers. The curves in the centre give the 
frequency distribution of the ordinates, and the three pairs of horizontal 
lines on the right indicate the degree of conservation, as follows. In 
each of the three pairs the first line gives the average of certain selected 
ordinates, and the second line gives the average of the ordinates imme- 
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diately following the selected ordinates. The selected ordinates are, in 
the first pair, those near the general average, and in the second and 
third pairs, the high and the low ordinates respectively. In the case of 
the random numbers, the ordinates succeeding the selected ordinates 
always give the general average, however the selected ordinates are 



fiANOOM OttOltUT£S’-£CRO CONSERVATION 



OfTEERENTES OE SUCCESSIVE RANDOM ORDINATES—NEQATIVE CONSERVATION 



RELATIVE SUNSPOT'NUNDERS JUNE^SEPTEMBER 1919-^POSITIVE CONSERVATION 


Fio. 11a. Examples of scries of ordinates having no conservation, negative conservation, 

and positive conservation 

chosen; ttiis corresponds to no conservation, either positive or negative. 
Negative conservation, of course, means that liigh ordinates are, on the 
average, followed by low ordinates, and low ordinates by high ordinates; 
this kind of conservation is shown by the differences between successive 
random numbers (Fig. 11a), because whenever one of the latter stands 
out from the ones before and after, the preceding and succeeding 
differences are of opposite sign. The sunspot numbers, on the other 
hand, illustrate the more usual case of positive conservation. 

The standard deviation of the ordinates y^, will be denoted by m, or 
preferably (here) by m(l); m here is not the same as the m of § 26. The 
symbol m{h) will be used to denote the standard deviation of the series 

3S9S.30II o 
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of numbers yjiji), defined as the averages of sets of h successive 
ordinates, such that 

vM = (ya+y«r+i+-+y»+h-i)A- 

K the numbers y„ have a random distribution—^that is, if they have 
the same statistical properties as if they were drawn from a large supply 
in the manner of lottery tickets—^the fundamental law of propagation 
of errors (§ 1) asserts that 

m{h) = m/VA. (88) 

(Example: m = 40; A = 400; »i(400) = 40/V400 = 2.) This law is the 
basis for the confidence felt in averages derived from large samples of 
that kind. 

Erom any such random series y„ we may construct a new series y'g by 
repeating each ordinate w times. Then the average of A of the new 
ordinates, if A = wA', and A' is an integer, is simply the average of A' 
random ordinates y„. Hence the standard deviation m'(A) for these 
averages of the series is given by 

m'(A) = m(A') = ot/VA' = m/^(A/u;) = (Vto)(m/VA), (89) 

and w = = A{m'(A)}2/m». (90) 

(Applied to the preceding example, and taking w = 4, this implies that 
m'(400) = 40/V(400/4) = 4.) 

These simple equations lead to a natural convenient measure of the 
degree of conservation in any series. We compute the standard devia¬ 
tions m(A), for the original ordinates (A = 1), and also for the averages 
of every A successive ordinates (A = 2, 3,...). Writing 

<**> 

we call e(A) the equiixdeni nmnb&r of repeiUions, because of the obvious 
analogy to in the formula (90); and we regard A/6(A) as the effective 
nimber of random ordinates in the sets of A successive ordinates y„. In 
the case of random ordinates, e(A) == 1; in series of ordinates which show 
positive conservation (the usual case) 6(A) > 1. 

In the example of negative conservation (which is the rarer case) 
given above, namely the series formed by taldng the differences between 
successive random ordinates (Eig. 11 a), if ju is the standard deviation 
of the original random series, the standard deviation m of the differences 
ye+i—ya is obviously given by m* = 2fiK In this case the sums of A 
successive ordinates ya+i—ya simply the differences between the 
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first and the 7tth succeeding random number, so that the sums also 
have the standard deviation m, and the corresponding averages have 
the standard deviation m{h) = m/A. Therefore, by (91), e(A) = Ijh < 1 
in this case. 

It may be that e(4) tends towards a limit e(oo) as A oo. If so, and 
if Jiq is the smallest number for which sQiq) is approximately equal to 
e(oo), the time-interval (of course not strictly defined) may be 
called an appropriate statistical time-unit, since the ordinates separated 
by such time-intervals will be substantially independent. 

It may be shown [23] that, in general, 

R(A) = {«(2A)/€(^)}-1, (92) 

where R(A) denotes the correlation-coeificient between the two series 
of successive averages, y„(/0 and y„+ 7 j(A). 

16.28. Conservation in magnetic character-figures, sunspots, 
and mortality data. The degree of conservation shown by the 
following material, for the years of high sunspot activity 1917-19, 
1926-9, has been studied: (i) the daily relative sunspot numbers s for 
the whole disk, (ii) the daily sunspot numbers Sg for the central circle 
of the disk, of half the diameter, (iii) the international magnetic 
character-figures C. The standard deviations for the daily values of 
these three quantities, in the order given, are m(l) ~ 36-0, 23-1, 0-484. 
The values of eQi) are as follows, for values of h from 1 to 16 days. 

Table 2 

A 1 2 4 8 16 (laj/s 

Sunspots, whole disk,« t{h) — l-OO 1-9!) 3-49 6'91 8'19 

Sunspots, oontml disk, «(/i) -■-= 1-00 1'70 2-83 3-71 4-26 

Magn. dmr.-flg. C ({h) 1-00 1-60 2-09 2-33 2-47 

R, or{«(2ft)/«(/i)}-l,f<)ra 0-99 ()'76 0-70 0-38 0-84 

For s the conservation has been studied for longer intervals, using 
the full series of observations since 1749: the results aro as follows. 


Table 3. Conservation in the daily sunspot numbers, s, whole disk. 


h (ihiya) 

32 

u 

128 

250 

512 

1,024 

2,048 

4,000 

.(/O . 

14-0 

20-8 

51*7 

00 

100 

325 

323 

201 

hli{h) . 

2-3 

2-4 


2-0 

2-7 

3*1 

6-3 

20*4 

R, or {«(2;t)/«W}-l 

0-92 

1 0*03 

0*02 

0-92 

0-71 

-0‘0l 

-0*38 



It is remarkable that in 1,024 days, or nearly 3 years, the equivalent 
number of independent daily values thus estimated (namely hje{h), 
h = 1024) is not more than 1024/325 or 3-1. In other words, the stan¬ 
dard deviation of a set of means of the daily sunspot numbers s, over 
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intervals of 1,024 days (or about 3 years), whether these intervals 
overlap or not, far exceeds 1/V(1024) times the standard deviation m(l) 
of the set of daily sunspot numbers themselves, being, in fact, V325 
times m(l)/Vl024, or m(l)/V3*l; this is a striking indication of the lack 
of random character in such a set. The high conservation is, of course, 
explained by the life-history of single spot-groups and by the solar 
cycle; the influence of the 11-year cycle in reducing e[}h) only becomes 
predominant from h = 2048 onwards. In the correlation-coefficients 
R(A) or {e(2^)/€(^)}—1 for successive averages of h values, the sun’s 
rotation period is responsible for the small coefficient 0*38 for the 
8-day means (corresponding to the comparative independence of the 
numbers of spots on the visible and invisible hemispheres; the 10- or 
12-day means, not examined, might yield even smaller correlations); 
the 11-year cycle reverses the correlation for means over periods of 
3 or 6 years. 

The tables show clearly why, for the statistical treatment of problems 
involving such data as s and (7, the series used must be very long. 

In this connexion it may be mentioned that correlations have been 
claimed [48] between soxC and certain causes of mortality. Some figures 
will, however, show the small degree of conservation found in the daily 
figures, for Berlin, for suicides, and for deaths by accident or from 
cancer. The values of €(10) in these three cases are only 1-18,1-09, and 
1*00 respectively, as compared with values exceeding 2*3 for s or G, 
The correlation, if any, between phenomena with such different degrees 
of conservation can only be small, and this inference has been confirmed 
by more detailed calculations [47]. But deaths from pneumonia and 
other pulmonary complaints show high positive conservation—€(10) 
= 3*12—due to the contagiousness of some of these diseases. 

16.29. Statistical test for periodicities; the persistence curve. 
The process described in § 1 for the computation of periodic functions 
of period T = rLt consists essentially in arranging the data in rows 
{individual sets) of r ordinates, and forming average sets which consist 
of the averages of the r columns of h individual sets. The method of 
§ 27 can be generalized to apply to this case, as follows. Let denote 
the average square of the deviations of the single ordinates of an in¬ 
dividual set from the average for the set, or rather let denote the 
average of such average squares, for a large number of individual sets, 
so that is the average standard deviation for the individual sets. 
In like manner, let l^{h) denote the average standard deviation for 
a large number of the average sets. 
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Incidentally we may note that if the total number of ordinates N is 
large compared with r, and if ^ = m(l) is the standard deviation from 
the mean for the whole series, and m{r) the standard deviation for 
averages of r successive ordinates, we may show, as in (47 a), that 

II - (03) 



Fig. 116. Individual sets of 10 (= r) random 
ordinates, and the average set for 10 (»« h) 
individual sets 


hence if there is no conservation, that is, if m\T) -- according to 
(88), then ^2 ^ (r-l)$2/r. (94) 

For random ordinates (Fig. 116) 

(96) 

By analogy with (91), let 


= =v(hm-. 
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we call Oy.{h) the equivalent number of repeated sets in h successive sets, 
and hjcr^{h) the effective number of independent sets\ a repeated set here 
means a succession of sets in which the variations from each ordinate 
to the next are the same for every set, so that the sets differ only in 
their averages. For h repeated sets, therefore, the average set likewise 
differs from the individual sets only as regards its average value, so 
that in this case (96) gives a^Qi) = h\ for statistically independent sets, 
on the other hand, cr^(A) = 1. In actual sets derived from geophysical 
observations, lies between these limits, because certain features 
are repeated in successive sets, while others occur only once* 

If as CO the equivalent number of sequences cFj.{h) approaches 
a limiting value 3 ^ = ^^( 00 ), (96 a) 

we have the case of asymptotic "quasi-persistence\ described as a ten¬ 
dency for the recurrence of certain similarities in successive rows, which, 
however, vanishes gradually, so that there is no relation between 
rows suflEiciently far apart. In its pure form this case is represented 
by the oscillations of a pendulum which is set in motion and, after 
irregular intervals during which it is allowed to swing freely, is given 
irregular impulses that change the phase and amplitude of the oscilla¬ 
tions; the movement thus consists of trains of regular oscillations of 
a definite period, interrupted from time to time by sudden changes 
of phase and amplitude. A typical geophysical case, discussed in § 33, 
is that of the 27-day recurrence-tendency in magnetic activity. 

From (96), in cases where as A oo, 

m (95 a) 

for sufficiently large values of A. 

The case of a random non-periodic part g{t) (§ 1) is governed by (95). 
A truly periodic {persistent) function w{t) of period rLt provides 
identical average rows for all values of h, so that f,.(A) = ^^(1), and 
a^{h) = h. In the case of a function 'w{t)+g{t), where g{t) is a truly 
random function, the average rows for sufficiently large values of h 
will show w{t) in its pure form, since the effect of g{t) is reduced in the 
ratio 1/VA. If the ordinates are written y = w-\-g\ as in § 1, and if, in 
individual sets of r ordinates each, the standard deviations of y, and 
g are co^, and respectively, then, if there is no correlation between 
w and g, i.e. if 2 ^9^ == 0, obviously 

(97) 

In average sets, the periodic part w remains unchanged, while the 
averaged non-periodic part g decreases, so that y^Qi) = yy(l)/VA. 
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and cM - = h{<o,IQ^+yllll, 

or, by (97), (t,(A) == l + (a>,/{^)2(;^-l). (96 b) 

Finally we consider the threefold combination y = w+g+a, where 
a, not correlated with w and g, has “the property of asymptotic quasi¬ 
persistence, with a standard deviation in individual sets of r ordinates, 



Fia. 12, PorHint-onco curvoR a(h )—abciHsao <t, ordinatOR h —for random fluctua¬ 
tion {R)i persiHtont periodicity (P), quoRi-porHiKtont functions (Q), and for 
combinations (PH-P) and {P-}-Q+li) 


and an asymptotic equivalent number 8 ^ of repeated sets, as defined in 
(90 a). In this case (98) 

and since (95 a) is valid for ot^{h) for largo values of h, 


hence (96), after substituting for y, from (98), now becomes 

a,{h) - 1 + {S ,-1 )(fv/W"+ Ui -1 (96 c) 

A curve showing o’,.(/i) as a, fuiuttion of A may be called tho prrdsteme 
cxirve for i)oriods of the length rAt. The main typos are illustrated in 
Pig. 12; other cases and combinations may occur. 

By (44) (of. also (47 b)) the standard deviation for the r ordinates of 
a single sine wave with period rAt and amplitude c is c/V2, and for the 
sum of a number of sine waves with periods rAt/n, whore n is an integer, 
is 2 c^)- This is therefore the value of in the above equations. 

n 

16.30. Persistence in relation to the periodogram. Suppose that 
the harmonic components of the various frequencies n, in the interval 
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rAt, are calculated for each of B rows of r successive values of the func¬ 
tion w{t)-\-g{t)-\-a{t) considered on p. 589. Let the rows be numbered 
)8 = 1, 2 ,..., B, and let the coefficients for the harmonic component n, 
in the row ^8, be denoted by a’i' and the corresponding amplitude 
and phase being and Let this component be represented on a 
harmonic dial (for the frequency n) by a point with coordinates 
6^'. TheJ?rowswillthusprovideacZoM<io/2)omte(19.2)onthedial. 

Let the c&niroid of the cloud (that is to say, the point whose co¬ 
ordinates are J 2 denote the root-mean- 

sqvme radius of the cloud, which is defined by the equation 

< = (99) 

P 

where denotes the length of CP<^. Let denote the root-mean- 
square distance of the pomts from the origin 0, so that 

= ( 100 ) 

p 

Schuster, who first introduced statistical conceptions in order to test 
the significance of periodic (harmonic) components derived from series 
of geophysical or other data, called the expectancy of the ampli¬ 
tude c„. 

In his studies of periodicity in such data as sunspot numbers, Schuster 
considered a large number of frequencies n, and determined the expec¬ 
tancy E^{c^ for each. He plotted the values of as ordinates, with 
abscissae n, and called the resulting graph a periodogram. 

The abscissae n in the periodogram need not be confined to integer 
values; non-integral values n' may also be considered. It must be 
remembered that the periods of integer frequency n must relate to some 
particular number of values (r) in each row of the data analysed, so 
that they are integral submultiples of the ‘standard’ interval rAt. By 
arranging the N values of the data in rows of other lengths r', and 
considering the Tith harmonic component in each such row {n being an 
integer), we include in our analysis the components of period r'Atjn; 
if this is equal to rAt/n', so that n' = r'n/r, the frequency of this com¬ 
ponent relative to the standard interval is which is in general a 
non-integer. 

If the variation of the data analysed is due entirely to a number of 
pure sine waves of frequency %,... (relative to the chosen standard 
interval rAt), which numbers need not be integers, the periodogram 
will have ordinates of magnitudes c„,,..., if the numbers n^r, n^r,... 
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are integers, so that rows corx-esponding to some integral multiple of 
the period can be formed; otherwise the ordinates at will 

approximate to these values. But the ordinates will not in general be 
zero for other abscissae, not corresponding to the true periods present 
in the data. It is not difficult to see that the component of frequency 
will make a contribution nearly equal to to for closely 

adjacent values of n, though there may be no true periodicity with such 
frequency n. Thus each true periodicity will be indicated by a maximum 
on the periodogram; the larger the value of N, the narrower will be the 
Immps on the periodogram at the various maxima. 

In the case of the function w{t)+g{t)-\~a{t) considered in § 29, in 
which w{t) is truly periodic with the period rAi, and g{t) is a random 
function with standard deviation /x (in the notation of § 25), while a{t) 
is a function with quasi-persistence but with no true periodicity com¬ 
mensurate with the period rA^, each part of the function will contribute 
to the amphtudes and to By (82, 85), expressed in the present 

notation, the contribution of g(t) to will be 4:fjL^lr, whatever the 

value of n; if w(t) and a(t) were not present, would be 2/x/Vr, inde¬ 
pendent of n. However large may be the number (N) of available values 
of the data, the contribution of g(t) to ^|(c^) cannot be reduced below 
the value The joint contribution to El{Cj^)^ made by the nth 

component of will be where is the amplitude 

of the truly periodic nth component of w(t). 

If a{t) were absent, the maxima of the periodogram would depend 
solely on the distribution of the truly periodic components, so far as 
integral values of n are concerned; the random function g{t) would 
merely modify the relative heights of the maxima (reducing them 
relatively to the heights at values of n for which no true periodicity is 
present). If non-integral values of n are also considered, the corre¬ 
sponding modifications of r would somewhat affect the contribution of 
g{t) to but ordinarily with only slight influence on the shapes of the 
maxima. Thus the presence of a truly random contribution in the data 
may only slightly reduce the usefulness of the periodogram. 

In geophysical data, however, the non-periodic but also non-random 
variation a(t) may seriously influence the form of the periodogram, 
because its contribution to E^ may be highly dependent on n. Hence 
a{t) needs serious consideration [22], though many writers, including 
even Schuster, have overlooked this. 

The influence of a{t) will here be considered, however, only in rela¬ 
tion to the determination of the average harmonic coeificients, a,^(A) 

3586.30 u ^ 
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and bn{h), from h successive rows of values of the original data. Because 
of the linearity of the harmonic-analysis formulae (45), a„(^) ^ni^) 

are the averages of the coefficients and for the h individual rows. 
Hence, on the harmonic dial, the point a„(A'), is simply the centroid 
of the h points If such averages are formed for each successive 
set of h rows, the original cloud of £ points on the harmonic dial is 
reduced to one of B/h points. 

If a(t) were absent, the vectors from the origin 0 to any of these 
points, P, would be the vector sum of the vector OP,„ say, corre¬ 
sponding to the true harmonic component n, present in w(t), and of the 
vector P,i P, due to the random part of the data, g(i). If is the stan¬ 
dard deviation of this random part, the distribution of the vectors 
P,jF^ is as described in § 26; their root-mean-square length is 2fl/^/r, 
by (81 b) and (85), whereas that of the vectors P„P, joining P„ to the 
centroids of h points P^^, is 2ju,/V(rA). Thus the new cloud of points P 
has shrunk towards the point ^ ratio 1/VA, as compared with 
the original doud of points P<^>. This is statistically true although, 
for any finite number of rows or points P^^^ the position of P„ caimot 
be defilnitely ascertained. 

We now consider the contribution of a(t) to the vectors OF^; the 
vector corresponding to w(t)+g(t), for the row will be denoted by 
OQ(^, equal to OP„ combined with the random contribution P„Q^^; 
thus the contribution of a(t) is Since a{t) by definition contains 

no true or persistent periodic component n, the mean of a very large 
number of vectors Q^^^F^ for successive or unselected rows will vanish. 
But owing to the property of conservation or quasi-persistence which 
'^e attribute to a{t), and which distinguishes it from the random 
function g(t), two or more successive vectors Q(^F^> tend to lie in 
similar directions. This tendency could be numerically characterized 
by a procedure analogous to that of § 27, if we were dealing only with 
the function free from the random component g{t). The 

vectors would then become P„P(^>; let c^(l) be their root-mean- 

square magnitude; let c^Qt) be the corresponding root-mean-square 
magnitude of the vectors P„P determined by harmonic analysis of 
the average of h individual rows. Apart from the persistence of the 
variation of a{t), e^ih) would be c4(l)/VA; actually let 

<(^i) = <(lWKn(W- 

This implies that the persistence reduces the ratio of shrinkage of the 
cloud of points towards P«, from 1/VA to Vw, „(A) times this amount. 
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When g{t) is present as well as a{t), their joint contribution to 
is which may be known with much accuracy if OP„, is well 

determined owing to the availability of many observations. If 
is calculated from the clouds of points P<^^ and P, as if g{t) were absent, 
the value of cr,„(A) will not reach the value expressing the quasi¬ 
persistence of a{t) alone (provided that cr^,ni^) > 1, that is, if the con¬ 
servation is positive); the random variation g{t) may be said to weaken 
or dilute the persistency imparted to w{t)-\-g{t)-^a{t) by a{t). 

If w{t) has no harmonic component n, the point P„ will coincide 
with the origin. In general the centroid of the B points P^^ will not 
coincide with 0; the physical significance of its deviation from O can 
be tested by means of the formulae of § 25 and Table 1. 

16.31. The summation-dial. Instead of the harmonic dial, with 

its clouds of points, which shrink with the number of rows combined, 
it is sometimes more convenient to use the summation-dial, which shows 
the train of vectors produced by simple vectorial 

addition of the successive vectors OP(^> for ;8 = 1, 2, 3,..., B. On this 
dial the vector for the sum of the h rows from p = b -\-1 to ;S = ft-f/i 
is indicated by the line Q®+i)Q(*’+*) connecting the beginning of the 
vector for the row with the end of the vector for the row (6-f A); 

the vector for the average of the A rows is obtained by dividing the 
vector for the sum by A. If the vectors are derived by the harmonic 
analysis of a random function such as g{t), the train of vectors is a true 
‘random-walk’; if they refer to a function a(<) or g{t)-\-a(t), which has 
the property of quasi-persistence, successive vectors of the train will 
‘prefer’ the same direction, but later vectors will ‘forget’ this direction; 
if, however, the function analysed includes also a truly periodic or 
persistent part v}{t), the train will manifest a more or less distinct 
tendency to proceed in some definite direction. Various special cases 
or combinations of functions may be illustrated on the summation dial, 
for instance, sim i lar directions for every third vector {intermittent quasi- 
persistence [22]), which would indicate that the actual length of the 
quasi-persistent period is 3rA< (see § 33). 

In practice it is sometimes better to use some other parameter instead 
of E^', see 19.2. It may also be mentioned that quasi-persistence is 
‘infectious’ [22], that, is, periods of not too different lengths will all 
show it, if one is affected by it. 

16.32. The generalized harmonic dial. Using a (2A)-diraen- 
sional rectangular coordinate system with coordinates a„ and 

{n = 1 ,..., A), it is possible to represent a sum of k sine waves (associated 
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with an approximating function ijsjjt) (given by (19)) by a single dot. 
All the considerations already discussed in §§30, 31 relative to plane 
clouds of points and summation-dials can be generalized to the case 
of 2k dimensions. The square of the length of the 2i;-dimensional vector 
is cf+...+c|, or 27^1, by (47 b). To give an exact representation of a set 
of r ordinates, \fjjJit) must have r harmonic coefficients, and in this case 
(cf. § 12) Tjj. is equal to the standard deviation 1 ^. of the individual 



figures G for throe 27-day intervals (solar rotations), showing the observed values G, 
the sum of the computed sine waves having periods of 27,13*6, and 9 days, the separate 

sine waves, and the residuals 

rows; the generalized harmonic dial can therefore be regarded as an 
illustration of the methods of § 29. 

16.33. Example: The 27-day recurrence tendency. We con¬ 
sider the series of the daily international magnetic character-figures 
<7, comprising the 10,206 days between January 11, 1906, and Decem¬ 
ber 20, 1933 [22]. We divide it into rows of 27 days, called dotations', 
numbered 1001 (beginning January 11, 1906) to 1378 (in the original 
paper [22], these numbers were 1 to 378, and these numbers remain 
unaltered in some diagrams). In each rotation the days are numbered 
1 to 27 (not 0 to 26, as in Table J of this book). Eor each rotation, the 
first three harmonics were computed (§ 19(6)). Fig. 13 illustrates the 
harmonic analyses for the three rotations Nos. 1208, 1193, and 1176, 
which, in this order, were found to have the greatest amplitude c^, 
and Cg, respectively; for each rotation, the first row gives the observed 
values C and the sum of the three sine waves, then the sine waves 
separately, and finally the residuals, or differences between the observed 
C and the sum of the sine waves. The standard deviations, for the 
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rotation 1208 (including the intense magnetic disturbances of May 
12-21, 1921), in units of C, are, in the notation of § 12, m = 0*66 for the 
observed values, rjf. = 0-59 for the sum of the sine waves, and /x = 0-29 
for the residuals. 

Pig. 14 is the harmonic dial for the 378 sine waves of period 27 days; 
the largest amplitude, = 0*76, for the rotation 1208, is seen near the 



14. Harmonic dial showing the dial-points for the 
27-day sine wave in each of 378 27-day sots of values of 
the international daily magnetic character-figures 0, for 
the period 1906-33 beginning with 1906 Jan. 11 

outer circle; its time of maximum is at about day 16. Amplitudes less 
than 0*01 occur in the rotations 1061 and 1372. The average vector, 
indicated by a cross, falls close to the origin. 

We now examine whether the distribution of the cloud of 378 points 
in Fig. 14 is such that each dot on the dial can be regarded as the end¬ 
point of a random walk (§§ 23-4), all the random walks being supposed 
made under the same relevant conditions. The expectancy (the square 
root of the average of the squared amplitudes c^) is found to be 
E 2 = 0*262. In order to find the frequency-distribution, we count how 
many amplitudes fall in classes between equidistant limits, chosen 
according to the conventional statistical rule that about twenty classes 
should be occupied; for the present value of these are 0, 0*036, 
0*072, etc.; they are marked by vertical lines in Fig. 15. The observed 
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numbers of amplitudes in each class are entered as ordinates (black 
dots), and are compared with the theoretical distribution according to 
(86 a), for the expectancy the theoretical number that should lie 
between the limits k-^E^ and k^E^ is 378{exp(~/cf)—exp(— ac|)}. The 
observed distribution agrees fairly well with the theoretical curve. 



Fig. 15. Above: the numbers of dial-points in Fig. 14 whose 
distances from the origin (representing the amplitude of the 
27-day sine wave in C for each 27-day interval or solar 
rotation) lie between successive equally-spaced limits; the 
cuiwe represents the ‘theoretical’ frequency curve 2a;e“®* 
for a random distribution of points. Below: the correspond¬ 
ing numbers (and theoretical frequency curve) for the 13*6 
sine wave in the same 378 rotation-sets of C data 


Only the isolated highest amplitude Cj = 0-76 may call for comment. 
However, if it is expressed as a multiple kE^^ we obtain k = 2*90, for 
which (86 a) gives W = 1/4500, implying that, on the average, 1 out 
of 4,600 amplitudes should be equal to or greater than 0*76; it is there¬ 
fore not strange that one should occur among the first 378 amplitudes 
observed, that is, in of the average number 4,500. 

The lower part of Tig. 15 shows the same comparison for the waves 
of frequency 2, or period 13*5 days; their expectancy is 0*264. For the 
9-day period, the expectancy is 0*236. A ^goodness of fit’ test [11,1] 
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confirms the view that the distribution of the dots in the cloud of 
Fig. 14 and in those for the other two frequencies is the same as if 
they were the end-points of random walks. 

Fig. 16 shows the summation dial for the 27-day period. It may be 
hard to judge, from mere inspection, whether there is a systematic 
difference between this train of vectors and the random walk in Fig. 10. 
However, the degree of quasi-persistence in Fig. 16 is quite high as 
expressed by the number a(A) of equivalent sequences (formula 96); 
in the summation dial o-(4), for instance, is determined by taking the 
average square of the distances Ci(4) between every fourth successive 
point along the train, and dividing it by four times the average square 
of the distances between consecutive points (see remark at end of 
§29). For the whole series 1906-33, the values of a{k) are as follows. 


Table 4. Equivalent number a{h) of repeated sets of sine waves of periods 
27, 13-5, and 9 days, in the series of magnetic character-figures G. 


h = 

1 

4 

9 

16 

25 rotations 

Period 27 days 

1-00 

1*99 

2-44 

2*66 

3*11 

„ 13-5 days 

LOO 

2*17 

3-00 

2*95 

3*03 

„ 9 days 

1-00 

1*75 

2*19 

2*60 

2-60 


In order to test the strong quasi-persistence noticeable in the recur¬ 
rence-diagram (Fig. 12.7) for the years 1928-33, the values of a{h) were 
also computed for these years alone (rotations 1299 to 1378, or 299 to 
378 in the notation of Fig. 16) for A = 2, 4, and 9; they are: 

for the 27-day period, 1*57, 2*06, and 2-76, 
and for the 13-5-day period, 1-71, 2-88, and 4-61; 

these are distinctly larger than the values in Table 4, but of course do 
not reach the values 2, 4, and 9 corresponding to persistent sine waves. 
The values of o-(4) were also computed for pairs of years; the lowest 
value, 1-08, was found for 1916 and 1917, but some high values, 
approaching the persistent value 4-0, were found for the 13'6-day 
period, in the years 1930 and 1931 (3*24) and 1932 and 1933 (2-92). 
This strong persistence is evident in the summation-dials for these 
periods given elsewhere [22]. 

A more general kind of quasi-persistence may be imagined, such that, 
in the summation-dial, not the successive intervals, but perhaps the 
first, fourth, seventh, etc., exhibit a tendency to have the same phase. 
This type is actually met with in the case of the international magnetic 
character-figures O, if we break up our 378 rotations of 27 days into 
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Fio. 16. The sununation-dial showing the successive addition of the dial-vectors of 
Fig. 14 in order of date. The number of the rotation-set is indicated at the end of the 

vector in many cases 
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(3 X 378) = 1,134 intervals of 9 days. We designate each of these 9-day 
intervals by the rotation-number with the addition of the letter L, 
Jf, or R (left, middle, or right) to distinguish the three thirds of each 
rotation. Figs. 17 and 18 show, in different arrangements, the summa- 



Fiqs. 17 18, Summation-dials for the dial-veotors, as in Fig. 14 but for the 9-day' 

wave, in the series of international daily magnetic character-figures C for the two years 
1931 and 1932, comprising the 27-day solar rotation sets Nos. 339—365. Each rotation 
set is divided into three 9-day sets L (left, 1—9), M (middle, 10-18), and R (right, 19—27), 
Fig. 17 is divided into 3 parts, Z, Jf, R, showing the summation of the 9-day vectors 
from the sets L, M, and R respectively, and Fig. 18 (right) shows the summation of the 
vectors for all the 9-day sets in order of time 

tion-dials for the sine waves with 9-day periods for the years 1931 and 
1932, comprising the 27 rotations Nos. 1339 to 1365, or 81 intervals of 
9 days (in the figures, the rotation-numbers are diminished by 1,000). 
Fig. 18 shows the 81 vectors for the 9-day intervals as they follow each 
other in time, that is, for the intervals 339 ii, 339Jlf, 339 jB, etc., up 
to 365 jB. The vectors for the intervals L, M, and R have been dis¬ 
tinguished by drawing them as full, dashed, and dotted lines respec¬ 
tively. In Fig. 18 the number of each rotation is entered against the 
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end (which is marked boldly) of the third vector (R) for the rotation. 
(Note that if we retained only these marked points in Fig. 18, and 
omitted the intermediate points at the ends of the vectors L and M, 
we should obtain the summation-dial, on a threefold magnified scale, 
for the 9-day periods as calculated from whole rotations of 27 days, 
analogous to Fig. 16, discussed above.) The tune of maximum is 
indicated by the scales arotmd the borders of the dials, by the days 
1 to 9 for L, 10 to 18 for M, and 19 to 27 for R, according to the num¬ 
bering of the days in the rotations. 

Calculations relative to Fig. 17, similar to those explained above 
with reference to Figs. 15 and 16, lead to the expectancy = 0-640 
for single vectors, and for a(h) we obtain the values 1-23 for h = 3, 
1-87 for A = 6, and 2-78 for A = 9. 

On inspection of Fig. 18, we note the feature mentioned above, 
namely, practical independence for the vectors immediately following 
each other, but every third vector—^for instance, those for the M inter¬ 
vals, indicated by dashed lines—^has a tendency to keep its phase. This is 
brought out more clearly in Figs. 17 L, 17 M, and 17 R, which show the 
trains of vectors for the L, M, and R intervals separately; these show 
considerable quasi-persistence. If we calculate a{h) for these three sum¬ 
mation-dials of Fig. 17, we obtain, on the average, 1-64 for A = 2 and 
1-94 for A = 3. The contrast between the values of o-(3), namely 1-23 
for Fig. 18, as against 1*94 for Figs. 17 L, \1 M, 17 R, is the numerical 
expression for this particular kind of quasi-persistence, which may be 
called intermittent. The three thirds of each rotation, L, M, and R, 
give nearly independent 9-day sine waves, but corresponding thirds, 
for instance, the L intervals alone, show strong quasi-persistence. This 
proves incidentally that the, 9-day period has no self-existence, but is only 
a sub-period of the 27-day interval, which is the actual quasi-period. 

The value ^(S) = 1-23 for Fig. 17, small as it is, nevertheless exceeds 
unity, and reveals a weak degree of quasi-persistence; this, however, 
seems to be a general phenomenon in many cases in which ordinates 
with positive conservation are divided into sets, because, for instance, a 
group of high ordinates, split up by a division between two sets, adds in a 
similar way, in both sets, to the cosine coefficients for the two sets. 

The attempt to frame the most general definition of quasi-persistence 
as distinguished ffiom random conditions raises the same fundamental 
difficulties as are encountered when we try to devise a satisfactory 
definition of the term ‘accidental’, in the theory of probability. These 
difficulties are discussed in books byMises [11.4] and by Kamke [11.9] 
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(see especially the definition of the ‘fields of probabilities’ discussed by 
Kanake [11.9]). 

16.34. Example: The annual variation of magnetic activity. 

The monthly means for the measure of the magnetic activity (11.8) 
for the 59 years 1872-1930 give, for the computation of the average 
annual variation, (A =) 59 sets of (r =) 12 ordinates. The analysis 
described in § 29 gives ^12(1) == 16-7, Si2(S0) = 4*7, 0*12(59) = 4-7. 



Fio. 10, Harmonic dials for tho 6-montlily sino waves in the international daily magnetic 
charactor-figuros O; on the left, as computed from 56 half-yearly sets of C data, and on 
the right, as computed from 28 yearly sots, 1906-33 


We may regard $ia(l) as being caused by two independent influences, 
a regular annual variation (p. 366) with the standard deviation 4-7 (if 
^^ 2 ( 59 ) may be taken as practically equivalent to ^ 12 ( 00 )), and non- 
seasonal fluctuations of standard deviation to be computed (as 
in (97)), from 16-72 4-72+5'2, so that T = 16-0 (see 11.9). 

16.35. Example: The semi-annual persistent wave in mag¬ 
netic character-figures. From the series of monthly means of the 
international magnetic character-figures C, for 28 years, the sine-waves 
of 6 months period were computed. In Fig. 19 the harmonic dials have 
been plotted for this frequency or period, on the left as computed from 
the 66 half-years, and on the right as computed from the 28 calendar 
years; thus each dot in the right-hand diagram represents the 
point midway between the two corresponding dots P(2^--i>, P(2^>, on the 
left. The average wave for the whole 28 years has the amplitude 
c = 0-0676, and its maxima occur at about the dates March 22 and 
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September 20, very near the equinoxes; it is represented by the average 
vector OA which, of course, is the same in both diagrams. The expec¬ 
tancy jE ^2 (1^^)) for single waves is 0*111 on the left, and 0*096 
on the right. For the average of 66 or 28 accidental waves we should 
therefore expect an amplitude 0*111/V56 or 0*0148 (Fig. 19, left), and 
0-096/V28 or 0*0181 (Fig. 19, right). The average vector actually found, 
0*0676, is respectively {k =) 4*6 and 3*6 times as large as these expec¬ 
tancies. With these values of k, the formula (86 a) for W{k) indicates 
probabilities of only about 10“® and 10“® that the waves are accidental. 

The presence of the persistent semi-annual wave is suggested also 
by the mere comparison of the expectancies 0* 111 and 0*096 found respec¬ 
tively from the half-years and the whole years. If the conditions were 
merely random, the expectancy for full years, to be inferred from that 
for half-years, would be only 0-111/V2 or 0*079, whereas actually the 
value found is 0*096. This explains why the values of k, in the above 
calculation, are larger when the half-years are considered, making the 
proof for the reality of the semi-annual wave still more convincing. 

For the ‘accidental’ or ‘irregular’ vectors the corresponding 
expectancies for the single vectors are 0*088 and 0*068, and for the 
averages of the 66 or 28 vectors (86 a) gives 0*0118 {k = 6*7) or 0*0129 
{k = 6*2). This makes W{k) smaller than 10“^^. 

In the corresponding summation-dial. Fig. 20, the decisive prepon¬ 
derance of the directions indicating maxima near the equinoxes ex¬ 
cludes all similarity with a ‘random-walk’, and illustrates the ‘reality’ 
of the 6-monthly wave, which has just been quantitatively proved by 
the /c-test. 

The 6-monthly wave is, of course, not restricted to G, but is also the 
significant physical characteristic of the annual variation of the 
measure of activity (§ 34); on the other hand, no reason to attribute 
special significance to the 12-monthly wave has so far been found. The 
6-monthly sine wave in has a fairly constant phase, but its amplitude 
in disturbed years is more than twice as great as in quiet years. If the 
origin of the time-variable t (increasing by 360*" per year) is chosen at 
the beginning of a sunspot-maximum year, the semi-annual wave with 
its changing amplitude can be roughly expressed by 

{6*6-|-2*6cos(^/ll)}sin(2^+26n. 

This expression is equivalent to the following sum of three terms with 
constant amplitude: 

6*5sin(2^-f26r)+l*3sin{(23/ll)«-f-26r}+l*3sin{(21/ll)«+26r}. 
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Ordinary periodogram analysis would therefore 
indicate, besides the main 6-monthly ware, two 
waves of about J of its amplitude, and periods 
of 6'74 and 6-29 months respectively; but this 
result differs only in form, not in physical con¬ 
tent, from the (more simple) statement of a 6- 
monthly wave of constant phase, but variable 
amplitude. 

16.36. Concluding remarks. This chapter 
has given an outline of the treatment of periodi¬ 
cities, or cycles, as part of a general morphology 
of geophysical time-curves. In each particular 
case the methods have to be adapted to the special 
conditions. The importance of conservation and 
quasi-persistence has been stressed because it 
represents a significant difference between geo¬ 
physical data and the examples of ‘random 
conditions’ generally considered in ordinary 
text-books of statistics. The influence of conser¬ 
vation and quasi-persistence consists mainly in 
diminishing the ‘effective number of independent 
oases’. 

A last fictitious example may indicate the kind 
of wrong conclusion likely to be drawn if these 
considerations are disregarded. A quantity ® is 
observed at 6-minute intervals during 24 hours, 
starting at sunrise. The observations are divided 
into 144 day-values and 144 night-values. The 
average for the day is found to be a: = 100, 
that for the night as « = 80. Is the difference 
100—80 = 20 significant? The usual argument 
runs as follows. The standard deviations for the 
single observations are computed, and found to 
be 48 for the day, 36 for the night. The standard 
deviations of the day and night averages are 
‘therefore’ by (88), 4 and 3 (obtained by division 
by 12, the square root of 144), and the difference 
between the two averages, namely 20, has the 
standard deviation 5 (namely the square root of 
4 a_|_ 32 ). The difference 20 is therefore 4 times its 
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standard deviation, a ratio which in random conditions should be 
surpassed only once in about 16,000 cases. The difference between 
the day and night values therefore appears significant. The fallacy 
of this conclusion lies in disregarding the possible conservation in the 
variation of x; for example, €(144) might be as high as 16 (correspond¬ 
ing to equivalent repetitions over an interval of 16x5 = 80 minutes). 
If so, then the estimates for the standard deviations of the averages 
and their difference would have to be multiplied by the square root of 
16, or 4; the difference between the day and night averages would then 
become of the same order of magnitude as its uncertainty. The error 
underlying the supposed argument becomes more obvious if the obser¬ 
vations are supposed to be taken at smaller intervals, say every 12 
seconds, giving 25 times as many observations, but not altering the 
day and night averages; this would reduce the (spurious) standard 
deviations for the averages by a factor and the difference 
100—80 = 20 could by such means be made to attain any fabulous 
degree of probability of significance. 

This example, crude as it may look, has many counterparts in geo¬ 
physical literature. The error here exposed sometimes leads to undue 
confidence in periodicities which are regarded as ‘proved’ by the 
smoothness of the curves obtained from calculations made in the 
manner of § 1; such smoothness, however, may not signify more than 
the presence of conservation in the single rows, which will naturally 
appear also in the average row. Since misconceptions arise even in such 
simple cases, still more caution is necessary in considering the results 
of more complicated analysis, such as periodogram tests, analyses of 
differences or sums, correlations between periodic phenomena, and so 
on. The methods here described are flexible enough to be useful as 
guides in such cases (see Chapter XIX, and the examples described 
elsewhere [23]). These methods have been developed to meet necessi¬ 
ties arising in the study of important geophysical questions, in which 
the interest has been centred on the elucidation of problems of nature, 
rather than on the consideration of rigorous definitions or mathe¬ 
matical refinements; the problem of lending mathematical exactness, 
for instance, to the fundamental theorems of § 23, is left to students 
of the general theory of probability, for whom a field of geophysical 
importance is opened here. 

The similarity of the ‘random walk’ and the summation-dial to the 
Brovmian movement of particles in a liquid, or to the zigzag paths of 
molecules in a gas, is obvious. A very light particle among many heavy 
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particles would make a random flight, but a heavy particle among 
many light particles would show ‘quasi-persistence’; however, its suc¬ 
cessive positions after sufGLciently large intervals would appear random, 
although the ‘mean free path’ would be actually smaller than that cal¬ 
culated, on the assumption of randomness, fr'om these positions at 
large time-intervals. 

16.19 (a), continued from p. 567. Eor the conversion of the harmonic 
coefficients and to the amplitude c„ and phase-angle e„, use may 
be made either of the convenient tables published by Miller [25 6] for 
this purpose, or of the following method. (For this and other practical 
details regarding harmonic analysis, see [25 a].) 

If the numerical value |a| of a is less than {&|, an auxiliary angle k, 
of magnitude between 0° and 45°, is calculated from 

tauK = |a/6|; 

according as the signs of a and 6 are (4-, -f)) (+»—)» (—> +)> (—> —)> 
the values of e are respectively as follows: k, 180°—k, —jc, and 180°-l-/c. 
The value of o is given by c = |61 -f- la| tan ^k. 

If (a| > |6|, we calculate k' from tan/c' = |6/a|; the value of e is 
then given, in the above four cases, by 90 °—k', 90°-j-/c', #c'—90°, and 
270°—<c'. The value of c is given by c = |aIH-161 tan Jk'. * 
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SPHERICAL HARMONIC ANALYSIS IN GEOPHYSICS 


17.1. The representation of arbitrary functions of position on 
a sphere. Spherical harmonic functions are of value in geophysics 
because they afford an analytical representation of an arbitrary func¬ 
tion of position on a sphere, in a form which facilitates many types of 
physical investigation, as may be seen in Chapters XVIII, XX, and 
XXII. 

In ordinary harmonic analysis (Ch. XVI) a function f{t), defined in 
the interval 0 < f < 27r, is represented as a combination of sine waves 
which in this interval complete 0, 1, 2, 3,..., whole periods. Let t be 
regarded as the angle between a variable radius of a circle and a fixed 
radius. Then every point of the oircujnference of the circle can be 
associated with the corresponding value of f(t), and the development 
of f(t) in a trigonometrical series can be regarded as the analysis of 
this arbitrary distribution of values of/(<) round the circumference, into 
a sum of specially simple distributions, which correspond to the ‘cir- 
cxilar’ functions sinnf, cosnf, or sin(»f-t-e„). 

The spherical harmonic functions now to be considered serve the 
same purpose for an arbitrary distribution of values over the sizrface 
of a sphere. 

Sphericcd polar coordinaies, analogous to the ordinary geographical 
coordinates of position on the earth, are first defined. We take an axis 
Z'OZ (with the direction indicated by the order of these letters) through 
the centre 0 of the sphere, and an initial meridian half-plane boimded 
by this axis. The position of any point P is then determined by (o) its 
distance r (always positive) from the centre O, (b) the polar angle or 
‘distance’ 6 between OZ and OP, and (c) the easterly longitude <f>, which 
is the angle between the initial meridian half-plane, and the meridian 
plane POZ; clearly 0° < 0 < 180*?, 0° < ^ < 360°. . The rectangular 
coordinates x, y, z of P, with respect to orthogonal axes OX, OY, OZ 
(the first two being in longitudes 0° and 90“), are related to r, 6, <f> by 
the equations (Pig. 1) 

« = rsindcos^, y == rsin0sin^, z = rooBd. (1) 

Any function /(0, <f>) may be regarded as a function of position on 
a sphere (of any radius, say a) centred at 0. Its distribution along 
any circle of latitude, defined by the polar distance 6^, is represented by 
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the functionwhich can be expressed, by ordinary harmonic 
analysis, as a trigonometrical series of terms, a„jCosm^, b^siam^; the 
coefficients a^, will be functions of 6q. Dropping the suffiLx for 8^, 
it follows that f(d, <l>) can be represented in the form 

= f {a.jd)ooam(l>+bjd)sinw4>}. (2) 

m=0 

The dependence o£f(9,<f>) on 9 is now involved in the harmonic coeffi¬ 
cients b^; we consider what functions of 9 are most appropriate for 
the expression of and 


z 



Fia. 1. Illustrating spherical polar coordinates 


17.2. Zonal harmonics. The simplest case is that of a zonal 
distribution, in which the function/is independent of so that/ = ao(^)' 
We seek suitable orthogonal functions, PJ9), say, in which to express 
«(,(&). As in 16.8 we write 

«#) = C'o,oPoW+Ci,oJ^xW+-+0'ft.o W, (3) 

and require that the squared error {«o(^)—^®w averaged over 
the whole spherical surface (of area 47ru®), shall be as small as possible. 
Since the radius of the circle of latitude 9 is a sin 9, the area of the zone 
between 9 and 9-i-d9 is equal to 2ira^ sin 9 d9, so that this average is 

TT 

_L- I* 2iTa‘{ag(9)—oi^{9)}^Bin9d9, (4) 

47Ta^ J 
0 

or, taking new variables [i = cos0, d/j, = —sinfld0, 

I f {ao(/*)— 

-1 

This expression is analogous to 16 (24), and the minimum condition is 

3596 .SOU K 
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satisfied (of. 16.9) if the functions P„(0), now regarded as functions of ja 
and written ^ixe orthogonal functions (16.7) relative to the interval 
— 1 < ja < 1. For t.liia interval we already know a system of ortho¬ 
gonal J^ctions P^(/a), namely the zonal or Legendre functions (16.11). 
In the formulae 16 (33) is represented as a sum of powers of /* (= cos d); 



another form, obtained by using formulae of the type (39), p. 619, is 
in terms of cosines of multiples of 6 ; thus 

Pfl =1, Pi = COS0, Pa = i(3 cos 20+1), 

P 3 = ^(5cos30+3cos0), P^ = ^(36 cos 40+20 cos 20+9), 1 (6) 
i> = jJg(63cos60+35cos30+3Ocos0),..., J 


or, in general [2], 

P 

2.4.6... 2?i 

+2 


1)1 


2cos»0+2 


\.n 


l.(2n-l) 


cos(to—2)0+ 


1.3.to(w-1) 


1.2(27i-1)(2to-3) 
1.3.6 


oos(n—4)0+ 


+2 


1.2.3 (2»' 


_cos (n-6)0+...l. 

-l)(2n-3)(2«-6) ^ ^ / 
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If is odd the series ends with a multiple of cos 0; if » is even, the 
last term is constant, and does not contain the factor 2; including the 
factor before the bracket it is {1.3.6,.. (»—l)/2,4.6...?i}^ 

Fig. 2 shows graphs of the first seven zonal functions. Each has 
n zeros between 6 = 0 ° and 6 = 180°; according as % is even or odd, 
Pn{ 6 ) is symmetrical or antisymmetrical with respect to the equator 
6 = 90°. By 16 (36) the integral of the square of P„(ju.) between — 1 

and +1 is 2/(2w+l), so that (cf. 16.7) the functions 

[(2n+l)/2]iPJ;a) 


are normalized, and their coefficients, in a sum of several such functions, 
would indicate the average relative importance of the various terms. 
But such normalization of the zonal functions is not usual, and is hardly 
necessary, since the magnitude of the factor [(2»iH-l)/2]l changes only 
slowly with n, e.g. in the ratio 1:4-1 from n = 0 to n = S. 

The average value of over the surface of the sphere is, by 


16(36) 

TT •'!“1 

{P„(^)}22va2ain0 d0/4va2 = J {P^(^)}a d/ 4/2 = l/(2ft-H-l). (7) 

-1 

The decrease in the average value of i^, as n increases, is not very 
obvious in Fig. 2, because is there plotted as a function of 0; in 
a diagram of P^ as a function of /t (= cos 6 ), the equatorial region 
around 6 = 90° would be widened, and the polar regions more con¬ 
densed (as in Fig. 7, p. 634). 

17.3. Associated functions. The zonal functions are not the only 
orthogonal system of functions of /4 (= cos 6 ) in the interval — 1 < /4 1 
(or 0 < 0 < 180°). The functions 0 ,^( 6 ) and b^( 6 ), the coefficients of 
cosm^ and sinm^ in (2), wUl bo expressed in terms of other functions, 
called associated Legendre functions or spherical functions, and denoted 
by Pn,m{ 6 )\ here n is called the degree, and m the order of Pn,m> Pn,m> 
in the form introduced by Neumann, is given by 


J 


P ^COS^l — gin^g 


( 8 ) 


or, in terms of /x, by 

^n,nSP^ 


(1—/x®)!”* 


d/x”* 


(8 a) 


Prom 16 (34) (p. 655) it follows that 

= 0 form>?x. (9) 

In this notation the zonal functions P„ would be written as P„,q. 
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(It should be added that some authors write P™ or Q™ for what is here 
denoted by sometimes the significance of » and m is interchanged.) 

By a generalization of 16 (34) can be expressed as a finite series: 




{2n)\ 


2™.«,!(w—m)! 


sin’"0<cos”“™0- 


2 ( 2 »-l) 


cos" 




(n-m)(n-m-l){n-m-2)(n-m-3) n-m-ta 
2.4(2?i—1)(2 tc—3) 



When (n—m) is even, the last term inside the bracket is a constant; 
when {n—m) is odd, the last term is a multiple of cos 6. The following 
are some important special cases of ( 10 ), obtained and expressed like 
the formulae ( 6 ) for fjj,, (see also p. 689). 

Pj 1 = sin 6, Pg^i = f sin 26, = | sin 6(6 cos 26+3),'j 

Pg 2 = 3 sin^ 6 , P, 


‘ 8,2 = -' 2 ° sin 6 sin 26, 
i ^3 = 16sin®6. 


(10 a) 


Laplace and Gauss used functions (which Schmidt denotes by P“>”*), 
obtained by replacing the first numerical factor in ( 10 ) by unity, so that 


= ( 2 n-l)!!/( 7 i-m)!, 

in the notation ( 2 «— 1 ) 1 ! = 1 . 3 . 5 ... ( 2 «— 1 ), 


( 11 ) 


introduced by Schuster (by analogy with n\). 

17.4. Normalized spherical functions. The whole infinite set 
of spherical functions of order m, that is, is orthogonal; 

in fact it may be proved [ 2 ], by repeated partial integration, using 
formula ( 8 ), and substituting from 16 (35), that , 

1 fO for n ^ n', 

j Pn,mMPn'.mM ^1^ = 2 (w+m)! ^ ^ (12) 

-1 [. 2 W.+ 1 (n—m)! 

The second part of this equation shows that the functions P„^„j are 
of very diverse order of magnitude; for example, the mean values of the 
squares of Pj and P^^^ are in the ratio (6!/3!)/(8!/l) = 1 : 2016. The 
functions will therefore later be replaced by other functions, 
denoted by P^, which are merely numerical multiples of P^^m, (of. ( 20 )), 
and which are more nearly normal. 

Developing a„,( 6 ), bj^d) in terms of Pn,m for various values of n, (2) 
becomes 

/(^.^) = i {GnPnfi{6)+ i (<4«,mC08m^+P„,„sinm^)P^„(6)}, (13) 
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or (cf. 16 (10), p. 550) 

m 0) = I {GnPn.om+ i sm (m<^+e,.^)}. (14) 

71=0 m=l 

The corresponding formulae in terms of the functions Pjf are (c£ (19,20)) 
M^) = S {C'»-Pn(^)+ 1 (^“cosTO^+B®sinm^)P“(0)} 

71=0 m~l 


= i i C^P?^{9)sm(m<f>+e^ 

VL~n r».s=i1 


)}• 


(14 a) 


Thus in (13, 14) 
functions 

or of 


f{6,(f>) is represented as a linear combination of the 
^«,mWcosm^, i?„_„^(0)sinm^, (15) 

■P/,,m(^)sin(m^+e„,„j). (16) 


The functions (16) will be called (spherical) surface harmonics-, when 
m = 0 they are zonal or Legendre functions. They are orthogonal to 
one another on the spherical surface, that is to say, the product of any 
two such functions, averaged over the sphere, is zero unless they are 
identical; thus, remembering that the area of a surface element is 
a^^mBddd^, and that the whole area is 47Ta®, 


TT 27r 

h I I - 0 (17) 

unless n — n' and m = m'. For m^m' this follows from the ortho¬ 
gonality of the trigonometrical functions of and for m = to', n ^n' 
it follows from (12), The mean square of (16) over the surface of the 
sphere is given for to = 0 by (7), and for to> 0 (by (12)) by 


TT 27 r 

h \ / = whi) • <"> 

0 0 

Schmidt defined new orthogonal functions P^(0), numerical multiples 
of as follows: 

F^iB) = P„,m((9) when to = 0 (19) 

and JPl^iB) = J0) when to > 0. (20) 

In the symbol P“, m is merely an affix, not an index or exponent. 
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The first few factors P^IPn,m 

m=l m = 2 m = 3 

^ ( 21 ) 
TO = 2 ys = 0-5774 |V3 = 0-2887 ^ ' 

w = 3 y6 = 0-4082 JfiVlS = 0-1291 ^^10 = 0-0527 

Clearly PJ = P^ i. 

The factors in (20) are chosen so that the surface harmonics 
P™(0)[^?^|jTO^ shall have the same order of magnitude as the zonal 


|•^/3 = 0-2887 
JfiVlS = 0-1291 


?TO = 3 


JjjVlO = 0-0527 


functions of the same degree; this follows from (18), since their mean 
square over the spherical surface is given by 


TT aTT 

1 J J [p“(0){®^®jm^]%in0d0# 


1 

2 to +1’ 


the same as in (7). 

The functions P,j, and P^ therefore do not correspond to completely 
normalized harmonics; but they are advantageous in numerical calcula¬ 
tions, because the coefficients A^, and C^, in (14 a), indicate at 
once the approximate orders of magnitude of the corresponding terms. 

The functions = (2TO-f l)iP« (22 a) 


are completely normalized in the sense that the average square value 
of P^cosm^ or P^sinm^ over the sphere is 1; introduced by Schmidt 
[7], they were used for a time by Schuster, but were given up later. 

The functions were used by Neumann [4] and Maxwell [19]; 
some authors denoted them by or T^. Laplace and Gauss used 
the functions (denoted P"-’”^ by Schmidt) mentioned at the end of § 3. 

Schmidt’s functions PJJ* are very convenient in geophysical work and 
are used here exclusively. The reader is referred [1] to Schmidt’s 
valuable numerical tables of these functions, and his condensed col¬ 
lection of formulae relating to them. 

17.5. Developments in series of spherical harmonics. The 
coefficients A!^, in (14 a) are found (as in 16.8) from the condition 
that the square of the difference between/(0, ^), and & finite series of the 
form (14 a), averaged over the sphere, shall be a minimum. On carrying 
out the calculation, using (17) and (22), it is found that 


TT 27r 

0 0 

however many terms the series contains. 
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In actual calculations, when f{d, <f>) is given by a table of values, or 
by a set of curves, for various values of 6 and it is convenient first 
to determine the coefficients a^{6) and b^(d) of the formula ( 2 ), by 
ordinary harmonic analysis (formula 16 (46)), for a number of values 
of 6. By using the notation 


So - 2, : 


1 , 


(24 a) 


we may obtain formulae valid both for m = 0 and for m > 0 , namely 


0 

so that (23) becomes 


(24 b) 



0 

-1 


(24 c) 


These integrals can be evaluated numerically or graphically. 

Schmidt [ 11 ] has developed special methods of calculating the 
coefficients A'^, J3™ for use when many different functions f{d, 4>)> to be 
expressed in terms of surface harmonics, are all given for the same 
special set of points (stations or observatories) on the terrestrial sphere. 

17.6. The functions expressed in terms of their roots. In 
Tig. 3 P§, P 7 ,..., P? are represented as functions of 9. These curves 
illustrate the following general theorems (for the proofs the reader is 
referred to the text-books on spherical harmonics cited in the biblio¬ 
graphy for this chapter). 

(а) Every spherical function P^iO) has n—m real different zeros 
between ^ = 0 and 6 = v. The zonal functions P^{6) have the value +1 
at the north polo (0 = 0 °), and the value (—I)” at the south pole 
(0 == tt); every other function P“(0), m > 0 , is zero at both poles as 
well as at (n—m) values of 0 between the poles. 

( б ) According as n—m is even or odd, P^ is symmetrical or anti- 
symmetrical with respect to the equator, i.e. 

fw(0) == (_i)(»-m)pm(,r_0). (26) 

When n—m is odd, one of the n—m zeros of P^ occurs at the equator 
0 = irr. 
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(c) The functions Pi 


given according to (10) and (20) by 
^ { 2 ^( 2 ^* 

“ 2»^.n! 


(26) 


are very small over an extensive region round the poles (see P?, Fig. 3). 

The roots of the equation P^(0) = 0, other than those at 0 = 0 and 
d = 180°, may be called 0,, 0,,..., According to (10) and (20), 



and a -well-known theorem of algebra concerning the linear factors of 
an equation, 

F^{B) = p”sin™0(cos0—cos0i)(cos0—cos 02 )...(cos 0 —cos0„_„J, 
where 

= 1.3.6...(2«-l)/n!, 

p™ = 1.3.6...(2TO—l){2/(%—m)!(n-f-m)!}l form>0. (27a) 
Because of the symmetry conditions (26), 

01 = 18O°-0„_„, 0a = 18O°-0„_,„_i, etc., 
and if n—m is odd, Consequently 

(cos0—COS0i)(COS0—COS0,j_„,) = (cos0—cos0i)(cos0-f-cos0i) 

= —sin(0-|-0i)sin(0—0i) = sin( 04 -^i)sin( 0 -l- 0 ,j_„j), 

and so on, so that 

P^{9) = p™'sin™0sin(0-l-0i)sin(0-t-02)...sin(0-l-0„_,„). (27 b) 
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The coefficients j?”* and the roots, given by Schmidt [1], are reproduced 
in Table D at the end of the book; the product (27 b) is convenient for 
calculating P™(0). 

17.7. Tesseral and sectorial surface harmonics. The surface 


harmonics 



vanish along {n — m) circles of latitude, corresponding to the zeros of 
F^, and also, because of the factors cosm^ or sinm^, along 2m meridians 
at equal intervals w/m. These zero-lines divide the surface of the sphere 




1^(8) cot 54> 



^’($cot7ip 


Fio. 4. Eq\ial-aroa map of tlio storo-linos (tho thiok linos in tho diagram), over one 
homisphore, of a zonal harmonic (P?), a toasoral hannonio (P? cob 5^), and a sectorial 
harmonic (P? c-os 7^): tho central meridian corresponds to ^ — 0. The areas in which 
tho sign of tho function is positive aro indicated by drawing the (thin-line) circles of 

latitude at closer intervals 


into four-cornered (or, at the poles, three-cornered) regions in each of 
which the sign of the surface harmonic is constant, while it is reversed 
on crossing the boundary between two adjacent regions. Consequently, 
for n > m > 0, tho surface harmonics are called tesseral surface har¬ 
monics. When m — O the functions are called zonal surface harmonics. 
When m — n the functions are called sectorial surface harmonics, 
because there are no circles of latitude along which the function vanishes; 
the regions of constant sign are therefore sectors of the sphere. Fig. 4 
shows equal-area diagrams of hemispheres, as divided up by the zero¬ 
lines of a zonal, a tesseral, and a sectorial function; within the domains 
of positive sign tho circles of latitude are drawn at 6° intervals, while 
in the regions of negative sign their interval, as for the meridians, is 16“. 

17.8. Spherical harmonic functions as solutions of Laplace’s 
equation. The spherical functions F^{6) and the spherical surface 
harmonics have so far been considered merely as a means of representing 
an arbitrary function of position over a spherical surface. But just as 

3595.3011 n 
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trigonometrical series owe their importance in geophysics not only to 
the formal usefulness of romier’s method of expansion, but also to 
their association with aU problems involving oscillations or fluctuations, 
so' also the spherical functions and surface harmonics have close con¬ 
nexions with physical problems, and particularly with the magnetic and 
other potentials, which in free space satisfy Laplace’s equation, namely 
(in terms of rectangular coordinates) 


V2F = 


327 927 927 


(28) 


Every solution V of this equation is called a harmonic function. Many 
such functions can be written down at sight, viz. 

z, y, %, xy, yz, zx, x^—y\ y^—z\ z^—x^, xyz, (29) 


while a less obvious but very important one is 1/r, where = x^-\-y^-\-z^ 
(see 1.7). All these functions are of homogeneous degree in x, y, z\ of 
course the general solution F involves terms of aU degrees. 

Let D or D' denote any space-differential operator, that is, any com¬ 
bination or sum of combinations of d/dx, d/8y, and djdz; is one 
example of such an operator. The successive apphoation of two such 
operators is commutative, that is to say, DD' = D'D, and, in particular, 
= V®jD. Hence if Vy(a:, y, z) = 0, so that also DV^f{x, y, z) = 0, it 
follows that V^Df{x,y,z) = 0. Hence any derivative, Df{x,y,z), of a 
function which is a solution of Laplace’s equation, is also a solution. 
This gives a powerful means of generating new solutions from any known 
particular solution. For example. 


0 /1\ Z COS0 

dz\r) ~ r® r® 


(30) 


(since z = r cos 6), which is the potential of a magnetic or electric 
doublet (1.9). This method of generating harmonic functions was 
developed by Maxwell [19] in his ‘theory of poles’. 

17.9. Development for the reciprocal radius. In the theory of 
the Figure of the Earth it is found necessary to express the potential 
at a poiut P of a fluid body, due to a distant body or particle at A, 
as a function of the coordinates r and 0 of P, relative to the centre 0 
of the fluid body, and the line OA (Fig. 6). Taking OA as the unit of 
distance, and the particle at A as of unit mass, for simpUcity, it is 
necessary to expand the potential IJE, where E — AP, as a function 

ofr, 0;now = l—2[ji.r+r^i /i = cos0, (31) 

Clearly IjE can be expanded as a series in r (convergent for r < 1), 
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the coefficients being functions of ji*. This was done in 1784 by Legendre, 
after whom the coefficients of the powers are called Legertdre functions 
or Legendre polynomials; they turn out to be the zonal functions 
Thus 

I I 

(32) 


E 


(l-2jar+r2)i 


This may be proved [2] by expanding (1—2jar+r2)-i or {1—r(2ja—r)}-* 
according to the binomial theorem, and collecting aU the multiples of 
r”; the coefficient of r” is found to be in the form 16 (34). 

More generally, if OA = a, so that 

_ a2_2^ar+f2 = a®{l— 2 ju,(r/a) 4 -(»'/<*)®}, 

(32) becomes ^ ^ 2 

j ‘^0 ' ‘ 

which is convergent for r < o; for r > a, we write 
E^ == r^{l-~2g.iair)+{fllr)% 

I 1 
E 


and get 




Jl—0 


(32 b) 



ElO. 6 


which is convergent for r> a. 

17.10. The general spherical surface harmonic 
function S^. In discussing particular problems, espe¬ 
cially in geophysics, in which solutions of Laplace’s 
equation (or harmonic functions, cf. § 8) are involved, certain boundary 
conditions have usually to be imposed on the solution; these conditions 
can often be expressed most simply in terms of coordinates other than 
Cartesian. For example, if V has to satisfy a certain condition over the 
surface of a sphere (r = a), it is convenient to express F in terms not of 
X, y, z, but of spherical polar coordinates r, 0, A harmonic function 
of homogeneous degree nhix,y,z can evidently be expressed, in terms 
of the coordinates r, 0, ^ by means of (1), as r”P(0, such a function is 

called a spherical harmonic function of degree n; n may bo positive or 
negative; we shall consider only integral values of n. 

The potential function which may be regarded as the most funda¬ 
mental of all, namely 1/r, of degree to = —1, is obviously a very special 
spherical harmonic function, since it involves only one of the three 
variables r, 6, <f>. 

While there are in general many harmonic function^ itoied 
degree (e.g. six have been given in (29) for the case 
homogeneous expression of degree n is, of course 
V®F = 0; this equation imposes certain limitati <5 
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function, and therefore also on the function F{6,<1>) in its expression 
r^F{d,(f>) in terms of r, 6, <f>. These limitations are expressible most 
readily by transforming the differential equation itself, V^F = 0, in 
terms of the new independent variables r, 6, <f>. A simple method of 
doing this, not only for the coordinates r, 0, <f>, but for any set of 
orthogonal coordinates, was discovered by Kelvin; it was founded on 
a hydrodynamical interpretation of V^F. In the present case it may 
be shown [2] that V^F becomes 




1 0*F. 

' r2 sin 0 dd " 8e)~^r^ sin^fl 0^® ’ 

on substituting r”’F{d, <f>) in this expression the result is 


sin0 00 

or, in terms of (= cos 6) and <f>, 


(33) 




or 


m 

Bfr 


rn-i 




dyt. 


_ 1 d^F 

1 — 


]• 


(36) 

(36) 


If r^F{d, <f>) is a harmonic function, the expression (36) or (36) must 
he zero; it is convenient in this case to denote F{6,<l>) by 3^(0,^); 
omitting the factor the equation for is thus obtained as 


jJ- = 0. (37) 

Any function 8^ satisfying the equation (37) is called a spherical 
sva-facA harmonic of degree n, because it indicates the nature of the 
variation of the complete harmonic function r'‘''8,^{d, over any sphere 
r = constant. 

The degree n of the harmonic affects the differential equation (37) for 
i”- one term only, i.e. «(7i-|-l)^«> arising from the term 


inV®F. Since 


8r\ dr] 


n{n+\) = {-(n+l)}{-(w+l)+l} = %>'+!), n' = -(»+l), ■ 
it follows that, if r^8.^{d, <f>)isa, harmonic function, so also is 




( 38 ) 
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17,11. Expression of in terms of the functions P^. Since 
is a rational homogeneous function of degree n in a?, y, and 2 , the 
equations (1) of direct transformation show that <l>) must involve 
sm0 and cos0 (jointly) to the degree n at most, and sin^ and cos^ 
likewise. 

For any angle sin^X cos^*^X ^^I'l expressed as follows (cf. 
E. W. Hobson, Trigonometry, p. 52) 


(—^sin^^X “ cos7ix~'^cos(n~2)x+ 

+!'_(^Jcos(n-4)x-...+(-l)i»^ {n even), 

(_l)l(n-i)2w-iain"x = sin^x—«'Sin(7i—2)x+^~jj^sin(»—4)x 

21 




wlsinx 


[i(7»-l)]![i(7^+l)]! 


{n odd), 


2"“^cos”x = cos»ix+’^cos(«.—2)x+—“,-~cos(»—4)x4-..., 

2 ! 


(39) 


Wlien n is oven, the last line ends with the term «!/2[(^n)!]®. 

Taking x~ i>> these results may be used to transform the powers of 
sin<j> and Gos<ft which occur in S„{d,<f)), when this is obtained by means 
of (1), into sines and cosines of integral multiples of <j>-, collecting the 
terms involving m<f>, we may express 8.^ in the form 


8n — x 'S'„,TO(0)cos(m^H-e*^), (40) 

m=0 

where the coefficients 8.,, ,^ are naturally functions of 9. On substituting 
from (40) in the differential equation (37), we get 

8^8 88 
V 1- 

+ j«(n+1) -y^}s„,^]cos(m^+6:») = 0. (41) 



Since this is to be true for all values of <j>, the factor of each term 
periodic in ^ must separately vanish (cf. the remark which follows 
16 (21)). Hence in 8^ the factors 8,^.^, functions of 9, must satisfy the 
equation 

(l_^2)!^_2/*^+jn(n+l)_^jfif„,,„= 0; (42) 

of the two solutions of this equation, the one expressible in positive 



620 SPHERICAL HARMONIC ANALYSIS IN GEOPHYSICS Chap. XVII 

powers of ju, which alone concerns us, is our function P™(/x), or a merely 
numerical multiple of it by an arbitrary factor say. (The proof 
that P® is a solution of (42) is given in text-books [2] on spherical 
harmonics; it is briefly as follows: differentiate both sides of the identity 

(/.2_i)|.(^2_l)» = 

n-^\ times with respect to ju.; it then follows by 16 (35) that the zonal 
function satisfles (42) in the special case m = 0. Further m-fold 
differentiation with respect to ja then shows, by (8), that'P^ is a solution 
of the general equation (42).) 

Another form of (42), with d instead of ja = cos 6 as independent 
variable, is 

^+cot9^+{»(„+I)-^)i». = o. (42 „) 

Thus the general surface harmonic of degree n is 

i C^PZ^{iM)cos{mf>+e”^), (43) 

Wi~0 

where 0^ and are arbitrary. The most general harmonic function 
expressible in integral powers of x, y, z is a sum of harmonics 
of all degrees n, namely 

I I (7“P™(ja)cos(m^+e«); (44) 

n=0 

similarly the most general harmonic function expressible in a series of 
integral powers of 1/r is (cf. (38)) 

, f r-<™+i) 2 C'«PjJ^(f*)cos(m^+eJ«). (46) 

W=s0 m=0 

1’7.12. Transformation and other formulae. The exprosniou of 
an arbitrary functionas an infinite series of spherical surface 
harmonics is unique, provided that the function has continuous second 
derivatives over the whole sphere; moreover the series is absolutely 
and uniformly convergent. At discontinuities, Gibbs’s phenomenon 
(16.16) appears [17]. 

A change of coordinate system involves much more complicated 
transformation formulae than are needed for developments in trigono¬ 
metrical series. But the simplest case, a change of the initial meridian, 
merely alters the phase angles, cj?, in (14). The next simplest case 
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refers to a change from one axis, OZq, to another, OZ (Fig. 6 ). If 
Q is any point on the sphere, given by 6 , <f> relative to OZ, and by 
d', j>' relative to OZq, it follows from spherical 
trigonometry that, if are the coordinates 
of OZ 0 relative to OZ, 

COS0'= cos5cos0o4-sin0sin00cos(^—^ 0 ). (46) \‘®" 

S\ \o 

In order to express a surface harmonic which, \ \ 

relative to the axis OZq, is zonal, say i^(cos d’), Q.V.. \ 

in terms of surface spherical harmonics relative 
to the axis OZ, we remember that, as in (43), 
every surface harmonic in the new expression 
for Pjci 0 & 6 ') must be of the same degree n. 

Therefore 

P„(cos 6 ') = J[‘iP«(cos 6 )+ 

■+ 2 (•d^cosm^+jB^sinm^)P“(cos0). (47) Fia. 6 

W«-l 

The coefficients may be calculated by means of (23); for instance. 


4ir 


TT a*7r 

J J P„(cos 0 ')PJ 5 ‘(cos 0 )cos sin 9 d 6 d<f>. (48) 


In order to evaluate these and similar surface integrals, we transform 
the variables to the system 6 ', For this transformation, we again 
use (43) to express the surface harmonic P^(cos0)cosm^, namely 

P^(cosd)co8mi^ 

= OoP®(cosd')+ 2 (a,„cosm^'+6„iSmm^')-Pjr(cosd')- (49) 
m—x 

If this is inserted in (48) the integral over the sphere (0^0':^ tt, 
0 < < 277 ) reduces to by (17) and (22), so that 


Now Uq can be obtained from (49) by putting 9 = 9^,^ — <j>o, since that 
makes 9' = 0, and by § 6 (o), Pj('(cos 0) is 1 for w = 0, and 0 for m > 0; 
consequently ^ pw(cos 0o)oos 

and (47) becomes 

P„(cos0') = P„(cosdcosdo+sin0sindocos(^—^ 0 )) 

= 2 ■P“(®o®^)^“(°o®^o)cosm(^—^ 0 ). (60) 

m—o 

The absence of constant factors in (50) is due to the use of Schmidt’s 
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functions . It may be noted that the special case of (50), given bv 
^ = 1, namely, v & j 

P?(C 0 S e') == po(cos 0)PO(cos 0o)+Pi(cos 0)Pi(cos eo)cos{<f>-4,,) (50 a) 
IS identical with (46), since P^(e) = cos (9, pi(0) == siad. 

functions P« with other such functions 
havmg Afferent indices i., m, or with their differential coefficients with 
respect to are very numerous. The following is a summary of a few 

argument 6 of 

each function P^ is omitted. •' s 

The formida 

(2»+1)»89P» _ ,51„, 

oonneots fcnctioiis of the same order m, but snccessiTe degrees, and 

2mcos0P^ = 

+{Sm-i(»+OT)(n-m4-l)}isin0P“-i (for m > 0) (51b) 

connects functions of the same degree but successive orders (see 
(24 a) for the definition of 8J. Further useful formulae are 

(2n+l)sm5P“ = —{S„_i(«—m+l)(w—TO+ 2 )}ip«^i 4 - 

+{^m-i{n+m)in+m-l)}ip^-i (m > 0), (52) 
(2TO+l)sin0P" = {(’*+w+l)(»+m+2)/S„j}ip™^^i_ 

apm -{(»i-»w)(«-m-l)/8„,}ip^_+,i, (53) 

de ~ K(»»+m+l)(TC—w)}ip™+i 

apo > 0). (54) 

f=-{Mn+lpPk, (55) 


dd 


(2w+l) . 

w(n+l) ji+l 


.rJZl ; Z ' JL M I. 1 — .... — _' 


n 


P^-V (66) 


2mP»/sin^ = {8m-i(n+m)(n+m-l)}ip^-i+ 

+{(«--m)(7i-m-l)}ip«+i (m>0), (57 a) 

2mP^/sin0 == {S„,_i(n—m4-l)(7i—m+ 2 )}ip«^i 4 - 

+{(»+m+l)(n+m+2)}iPj»+i (m>0). (57 b) 

In the form given, these formulae are convenient for numerical work 
successive calculation, or for checking purposes. The proofs how- 
evej are somewhat less laborious if Neuman’s functforp ale 
used (cf. (19, 20) which may together be written as 

P^ = {2(n-OT)!/SJ?i+m)!}»P^j; 
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these functions are identical with the functions used by Adams [6], 
to whose proofs the reader is referred. Thus the above formulae may be 
written also as follows: 

(2?l+l)cOS0P,i_,„ = {»—(61 ^a) 
proved by Adams [6] as his formula (8), p. 248, or (16), p. 256: 
(2»H-l)sin0P„_„i = —(«—w+l)(»—» i+2)P„+i,m-i+ 

+{n+rn){n-\-rn—l)Pn-i^m-i (»» > 0), (52 a) 

which is Adams’s formula (11), p. 262; 

(2»+ l)sin e = Pn+l,m+\—Pn-l,m+ly (®^ ®') 

which is Adams’s formula (19), p. 267; 

dPn.J^ = \{n+m){n-m+l)P^,^.^-\Pn.rn-^^ («1 > 0). (54a) 

which is Adams’s formula (13), p. 254. If we remember that (since 
p = COS0) djdd — —sm6d/d(i, we recognize our formula (8) in 

Pn,i=-dP^Ide. (56 a) 

The formulae (66, 67) are due to Schmidt [11 and G10] and Fanselau 
[18]; (56) may be derived from the preceding formulae as follows: 

(2n+l)smedP^Jdd = 7i(«-m+l)Pn+i,m-(»»+l)(^+«^)-P«-i,m 
is obtained by multiplying equation (64 a) by sin0; thsn, on the right- 
hand side, sin 6 P^ is transformed according to (63 a), and sin &Pn^m+i 
according to (62 a). The formulae 

2mP„^„i/sin0 = (w-t-m)(n-l-OT—l)JF5i_]^TO-i+Pn-i,OT+i (^ > 5)» (57 aa) 
2mP^^lsiD.9 — {ii—in+l){n—m-{-2)Pn+i,m-i'^^n+i,m+i (”*■ > (57ba) 

are similarly verified: we multiply by sin 6 and use (63 a) and (64 a). 
Finally 

2m cos 0P„,ro = sin 4)®^ (54 4)b) 

is verified by substitutions, on the right, according to (62 a) and (63 a); 
this leads to (61 aa). 

For later use we here note an expression, due to Schuster, for 

_m«cotei>„+|(8meoos«^). (6Sa) 

By means of (42 a) (wMch, of course, is also valid for J multiplied 
by sin 6 cos 0, we may show that (68 a) is equal to 

dP 

^n{n+l)sm 6 cos 9 P^,^-sm20 . 


3695.30 n 


M 
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According to (61 aa) and (66 a) 

-»(n+l)co3 0P„,„ = {(n-m+1 )P»+i,m+ 

HP _ 1 

-sine?^ = __(%(n_m+l)P„+i^^-(«+l){w+m)P„_i,^}, 

SO that (58 a) is also equal to 

—^;^{(«'+2)ra(?i-m+ l)P«+i,„+(«-!)(«+ l)(«+m)P^_i,„}. (68b) 

In terms of Schmidt’s functions P^, the equaHty (68 a) = (68 b) may 
be expressed more symmetrically thus: 

—m®cot 6 P^+^ |sin 0 cos 0 

(68 c) 

These and many other useful formulae are to be found in Schuster’s 
various memoirs in the Phil. Trans. London (A), 189,200, and 208. 

17.13. Separation of a field of force, known over a spherical 
surface, into parts of external or internal origin. Suppose that 
we have a distribution of gravitating, electric or magnetic matter, and 
that we know the potential V — f{6, j>) over the surface of a sphere of 
radius a and centre 0, not passing through any of the matter; on and 
near the sphere, in regions not occupied by the attracting matter, 
V®F = 0, so that /(0, ^) is a harmonic function, and can be expressed 
as a series (43) of harmonic functions. This expansion subdivides/(0,^) 
into parts SJfi, (f>) whose variation with respect to r must be propor¬ 
tional either to as in (44), or to as in (46), or to a linear 

combination of these two factors. 

If there is no matter outside the sphere, then we know that the force, 
including its radial component —dVjdr, must vanish at infinity, and 
therefore no positive powers of r can occur in F; hence we may express 
F, everywhere over and outside the sphere, as 

F = a 2 {al‘r)‘^^^Sn(d, {r > a); (69) 

11=0 

if, on the contrary, aU the matter is outside the sphere, and none inside, 
then —dVjdr must be finite throughout the interior, and no negative 
power of r can appear in F; consequently in this case 

F = a 2 {rjaY-S^fi, <f>) (r < a). 


( 60 ) 
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If, however, neither of these conditions is fulfilled, so that there is 
matter both inside and outside the sphere, and the field proceeds from 
both without and within, we may combine (59) and (60) into the most 
general harmonic function, in the convenient form 


V = 


® 2 2 

n^0m=^0 ^ 

+ 




(61) 


where and are numbers lying between 0 and 1; they represent 
the fractions of the harmonic term P™costoi^ or P^sinm^ in F which, 
at r = a, are due to matter outside the sphere. The factor a (the radius 
of the sphere) on the right-hand side of (61) is inserted in order to give 
to the coefficients A'^ and the physical dimensions of force. 

Over the sphere itself (r = a), F = a 2 4>) in nil the three cases 

(69)-(61); but (61) contains an infinity of unknown numbers and s™ 
associated with F, which are not determined by the mere knowledge 
of F itself over the sphere r = a. They can be determined, however, 
if we know, besides F, its radial gradient, which is in fact the radial 
component of force over the sphere (taken downward, in keeping with 
the convention as to the magnetic vertical intensity Z)-, for if we 
expand the known value of aF/Sr (at r — a), say P(0, 4), in a series 
like that found for /(0, ^), determining the coefficients by the method 
already given (§ 6), we obtain an expression which may conveniently 
be written in the form 


ftT7 00 71 

?- = 2 2 -fTCcos 0)W cos m4-\-^ sin m^) (over r = a); (62) 
or n-om“0 

this may be compared with the expression obtained by differentiating 
the above formula (61) with respect to r, and putting r = a after the 
differentiation, namely, with 

?== 2 2-PWcos0)[K«-(ri-l-l)(l-OMJ?cosm^4- 

OT 72>»0 7M««0 

+{n<-(n-fl)(l-0^sinm^]; (63) 

the coefficients of each separate harmonic term ooa m<j> or P^sinm^ 

for each n and m must be equal in the two expressions, so that 

oC=:{nc’?-(«+l)(l-OM^ (64) 

^ = {7i<-(n-l-l)(l-sS‘)}^; (66) 

from these, since a, j8. A, and B are known, c^. and s^ can be 
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determined. Thus a knowledge of V and of its radial gradient, over the 
surface of a sphere (which does not pass through any of the matter 
that produces the field), enables us to ascertain how much of each 
separate harmonic term in F is due respectively to inside and outside 
causes. In the case of a magnetic field, no electric currents must cross 
the sphere, since such currents are equivalent, as regards their magnetic 
field, to magnetic shells—cf. 1.13. 

17.14, Application to terrestrial magnetism. Spherical har¬ 
monic functions were introduced by Legendre and Laplace in the course 
of researches on dynamical and gravitational problems, such as those 
of the earth’s figure, and the tides. Their first application to magnetism 
was made by Gauss [22] in 1839, in his great memoir on the earth’s 
magnetic field. Gilbert, in 1600, by means of experiments on spherical 
pieces of loadstone, had reached the conclusion that the earth’s mag¬ 
netic field proceeds from within, and is substantially that of a uniformly 
magnetized sphere, though with many minor irregularities. Between 
his time and that of Gauss, the direction and intensity of the magnetic 
force had been measured at many points scattered widely over the 
earth’s surface, and had been represented on maps by isomagnetio 
lines (1.3); but no progress had been made in representing the field in 
a mathematical form. Gauss assumed, what is very nearly correct, 
that there is no magnetic matter near the ground and no electric cur¬ 
rent passing from the atmosphere to the ground, so that the magnetic 
field there must possess a potential function V satisfying Laplace’s 
equation, and representable by a series of spherical harmonics as 
in (61). 

This potential cannot be measured directly, however; what can bo 
measured are the three components of force, X horizontal and north¬ 
wards (= dV/rdd), Y horizontal and eastwards (== —8F/rsin0a<j5), and 
Z vertical and downwards (= dVjdr), These are determined at the 
earth’s surface r = a, where a denotes the earth’s radius. Thus, by 
analysis of the actual observations of Z, we can find, to a degree of 
completeness and accuracy conditioned by the observations, the coeffi¬ 
cients 0 ^ and in (62); likewise, from the observations of X and Y, 
we can find the coefficients in the two following series derived from (61): 

2 ( 66 ) 
2 2 (67) 
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The coefficients in (66) are found by expanding 7 sin 0 in the form 
found for/(0, ^4) in (13) and (23); those in (67) are less easily found from 
the observations of X, because the expansion is not directly in a series 
of surface harmonics, but of functions dP'^ldO) these, however, may 
themselves be expressed in harmonic form (54). Schmidt [1] has given 
convenient tables for the numerical development of the series (66) and 
(67); his tables include numerical values not only of but also of the 
functions 

I n. fyn. f— 

( 68 ) 


" -- d9~’ 


n 


Vm , 
-* n 


m 




n sin0‘ 


The factors {Ijn) and {min) are chosen in order to keep the numerical 
values of Y^, and similar in order of magnitude. Some details 
as to the actual computations wiU be given in §§ 19-22, and some 
formulae for and Y^ ■will be derived, from (64) and (67), (68) 
in 20.4, p. 689. 

It may be noted that (66) and (67) both contain AlH and and, as 
Gauss pointed out, if we know X aU over the earth, the value of Y can 
be deduced from it, by substituting for A and B from (67) in (66); if 
the results did not agree, it would show that the field was not derivable 
completely from a potential V, i.e. that the atmosphere must either be 
magnetic or convey electric currents. Actually Gauss showed that, 
to the accuracy permitted by the observations of Y and X available in 
his time, the values of Y were consistent with the A’s and P’s derived 
from X. These indicate the form of V itself (apart from an arbitrary 
constant), so that the data for Z or BVIdr can be used to determine 
from (64) and (65) whether the earth’s field is of internal or external 
origin. Gauss showed, as nearly as his data for Z could indicate, that 
they agreed ■with Gilbert’s conclusion that the cause is internal, so 
that F is of the form 2 (®/^)’*‘''^4!,(^> <!>)> — 0 for every n 

and m; actually by far the most important term in F is the first, 
proportional to Pi(cos0)/r® or {cos d)jr^; this corresponds (1.9, 1.16) 
to the field of a uniformly magnetized sphere (or, what is equivalent 
at outside points, to that of an infinitesimal magnet at the earth’s 
centre). 

17.15. An integral theorem on spherical harmonics. Let 

Sn{d,(l>), given by 

2 P^{A“ cos m^+P^ sin m^}, (69) 

wi=«0 

be any spherical surface harmonic of degree n; also let Pnr{cosip) be a 
zonal spherical function in relation to an axis in the direction {6o,<j>o). 



POTENTIAL OF MAGNETIC DOUBLE-LAYER 


629 


§ 17 


17.17. The potential of a magnetic double-layer or shell. 

Consider two concentric spheres with nearly equal radii (a+8^) 
and a. Let magnetic matter be distributed over their surfaces, with 
surface-density —/(0, over the inner sphere, ebXid f{d,(f>)d^l{a-\-8a)^ 
over the outer one. Clearly the total magnetic matter is equal in 
amount, but opposite in sign, for the two spheres. Such a distribution 
is called a spherical magnetic double-layer or shell. At the point (0, 
the magnetic moment of the shell, per unit area, is (to the first order 
in Sa) 

M(e, <f>) = m 8^ = 2 <!>)> say. (75) 


Maxwell calls M the strength of the magnetic shell. At the point 
(r, Oq, (j>Q) the potential W of the whole shell can be expressed in terms 
of F, the potential of a spherical layer with density /(0, <l>) and radius 
a, as follows: 


W 




(a+8a)® 


\ (a+8a)® a® j 



or, by (73) and (74), 


2 ^Ti ^ 

?l~0 

n=sO 


(77) 

(78) 


This can also be derived from a general theorem in potential theory; 
the values of the potential on the two sides of a magnetic shell of any 
form, of moment M per unit area, differ by 47rilif, while the normal 
component of force is the same on the two sides. That is, in the case 
of a spherical shell (indicating the outer and inner sides of the sphere 
r = a by the suffixes + and —), 


4,rif = W+-WL, dWJdr = dWJdr (for r = a). (79) 


We express W within {w) and outside (o) the sphere in the general forms 
(59) and (60), writing for the spherical surface function of degree n: 

thus F = 2 (rla)^T^^\d, <j>) (within, r < a), 

F = 2 <f>) (outside, r > a). 

Substituting from (76) in (79), and equating corresponding terms. 
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SO that T^o) _ (80) 

which is equivalent to (77) and (78). 

17.18. The magnetic potential of a steady current-distribution 
in a thin spherical shell. Consider a very thin spherical shell of 
conducting material, covered within and without by insulating matter, 
so that no current can leave or enter the shell. Prom any chosen fixed 
point A on the shell draw a line along the surface to any other point P. 
Let J denote the amount of electricity, in electromagnetic units, that 
crosses the line AP per unit time, from left to right as viewed by an 
observer looking along AP from outside the sphere. If the conditions are 
steady, so that there is no continual accumulation of electricity in any 
area, as much electricity must flow into, as out of, any closed area, in 
any time-interval. In this case J must be the same for all lines joining 
AP along the surface, because any two such lines enclose an area. 
Hence, if A is fixed, J depends only on the position of P; it is called the 
current-function. Evidently no electricity crosses the lines J = con¬ 
stant; thus these lines must be along the direction of flow, and so they 
are called current-lines. Between two adjacent current-lines J ^ and 
J = Jq+cZ/, the flow is dJ ; if their distance apart at any point along 
them is ds, the current-intensity, or rate of flow of charge per unit 
breadth across the stream, is therefore dJjds, inversely proportional 
to the distance between the current-lines. 

It is physically obvious that the geometrical form of the current¬ 
lines is independent of the choice of the initial point A; a change to 
another initial point B only alters the value of the current-function 
by a constant difference, namely, the value of J at B, reckoned from A. 

Different current-lines can never intersect each other, and all the 
current-lines form closed curves on the sphere, because otherwise at 
the end-points electric charge would continually be accumulated or 
dissipated, contrary to the supposition of a steady state. 

Prom the definition of J it follows that the flow round a point of 
minimum J is clockwise, viewed from outside; round a maximum it is 
counter-clockwise. 

Consider a closed infinitesimal current-element between the current 
lines Jq and jQ-\-dJ. By Ampere’s law (1.13) the magnetic field of this 
current is identical with that of a magnetic shell whose boundary 
coincides with the current-element, and whose magnetic moment per 
unit area is equal to dJ. We choose the shell so as to extend over that 
part of the spherical surface in which J > Jq. Proceeding from the 
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point of maximum J on the sphere, and replacing all the current- 
elements round it, in succession, by magnetic shells, we obtain a resultant 
magnetic shell whose magnetic moment per unit area, apart from an 
unessential additive constant, is everywhere equal to the current- 
function J. If this function is expressed in spherical functions, 
J = then the magnetic potential is given by (77) and (78), 

on substituting for Since the electromagnetic unit of current is 
10 amperes, the magnetic potential at the point is given by 





n 

I (r < a), 


(81) 




n 


10 Z/ 2«+l 






71+1 


(»• > a), 


(82) 


when the current and current-function are supposed expressed in 


amperes. 

Conversely, if the magnetic potential W — ^ <t>) over the sphere 

of radius r is produced by a steady surface distribution of current over 
a sphere of radius a, then the current-function in amperes is 

where, by (81) and (82), 


4 


Jn = 


_ W 2n+l/a\™pj;. 

4^ n+i\rl "■ 

4^ n \a/ ™ 


(r < a), 
{r > a). 


(83) 

(84) 


17.19. Numerical calculation of the spherical harmonic 
coefficients. Gauss [22] calculated the coeificionts in the spherical 
harmonic expression for the potential of the earth s magnetic field 
from the values of X, Y, Z derived from the isomagnetic charts at 
84 points, spaced at 30° intervals of longitude along 7 circles of latitude. 
The values at the 12 points on each circle of latitude were harmonically 
analysed as in (2), up to = 4, giving 9 coefEicients 
7 values of 6 for each of X, Y, and Z. Those for Z were substituted in 
equations (63 in all) of the form 

= = = ( 86 ) 

71-=1 

including only values of n up to 4; the X and Y equations (66) and (67) 
involve P”*/sm0 and dP^Idd instead of i^. Thus for each eleinent 
24 coefficients (such as a^, were connected by 63 equations. 
Gauss assumed from the outset, since his data were incomplete, that 

3695.30IC K 
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the field is purely of internal origin; thus the factors c“, < of § 13 are 
aH zero, and the three sets of 24 coefiioients in the equations relating 
to X, Y, Z can be simply expressed in terms of a single set C,^, A^, 
Gauss inserted these relations and used all the 189 equations in combina¬ 
tion to find these 24 coefficients, applying the method of least squares. 

Schmidt [7, 8] developed the general formulae for each element, 
taking account of the possible existence of an external part of the 
field, and a part also not possessing a potential. Instead of considering 
X and 7, which are discontinuous at the poles (1.2), he used the con¬ 
tinuous functions X sin 0 and 7 sin 0. From these he deduced the 
‘ pseudo-potentials ’ 

e 

U = a \Xd0, f7'= —asinfi J 7d^-f ?7^=0) 

0 0 

which he supposed to be developed in series of surface harmonics. If 
no electric currents traverse the field, so that, by 1 (24a), i). 16, 

curl F — a, (87) 


the field will possess a potential V, and U = U' = V. But in general 
U and U', as determined from the observations of X and 7, are unequal, 
and it is necessary to consider whether this is due merely to imperfect 
data, or whether the field really possesses a part N not having a 
potential. It is always possible to represent the distribution of the 
horizontal component of the field as the sum of two parts, one derived 
from a potential V, the other corresponding to a part N not having a 
potential; this division is to a large extent arbitrary, though N cannot be 
zero iiU ^U'. In practice the largest possible part of the field is referred 
to a potential, by taking 

V = ^iU+U'). (88) 

The non-potential part of the field then has the horizontal components 
X—dVla00, 7-(-27/asin0a^, while the vertical component of N is 
taken to be zero; the physical assumption underlying this procedure 
is that the electric currents near and above the ground are purely 
vertical. The separation of V into parts of internal and external origin 
then follows in the manner described in § 13. The vertical electric 
current-density i (positive upwards) is given in electromagnetic units 
by the radial component of curlF, so that 


47rt = curlyF = 


1 ( 8(7 sing) dX\ 

asin^l. 00 0<t>y 


( 89 ) 


using a weU-known formula of vector analysis (of. (14), p. 735). 
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Schmidt has also taken into account the ellipticity of the eaorth, 
treating it as a spheroid, and using elliptic polar coordinates. The 
formulae obtained are, in general, similar to those for the sphere, and 
the convergence of the series is unaffected; the coefficients of the 
s])herical harmonics are affected only hy a fraction of the order gjg of 
their values calculated without this refinement—that is, by about the 
same amount as the fractional difference between the earth’s polar 
aiid equatorial radii (18.2). The methods developed by Schmidt were 
applied by Jiauor to the data on the 1922 world isomagnetic charts. 

Fanselau [18] has calculated values of the spherical harmonics and 
of their derivatives, for a number of magnetic observatories. 

17.20. The mutual dependence of the spherical harmonics. If 
a functionwhich is to be developed in terms of surface harmonics, 
is known all over the sphere, the coefficients are uniquely given hy (23), 
on ac<!Ount of the orthogonality of the harmonics (§ 4). This property, 
which is true also for the harmonic analysis of a fully loiown periodic 
fuiuition of a single variable, is in that case retained, at least to a certain 
extent (but cf. 16,14) when the function is known only for a series of 
equidistant values of the independent variable (16.12). But in the case 
of spherical liarmonio analysis, when/(d,ii&) is known only at a limited 
number of ])<)in.ts ( 0 , <^), this property is lost, at least as regards the polar 
distancje 0\ the solution of equations of the type (85) for individual values 
of 9 leads to coefficients which are dependent upon the number of surface 
harinouic terms included in the equations. Thus, in the computation hy 
Schmidt, the value of the first and largest coefficient Al was found 
to bo 0-3242, 0-3313, or 0-3327, according as the expansion terminated 
at n -- 3, n 5, or w = 7 resiiectively. 

A similar ambiguity occurs (16.14) in the harmonic analysis of a series 
of values of a sinijJe ])eriodio function, even in the relatively favourable 
(rase of equally spaced values. In the spherical case, when the points 
0 , ^ are irregularly distributed—as they are. for the magnetic ohserva- 
toricH—the ambiguity of the coefficients is enlianoed. Tig. 7 refers to 
an attempt [ 3 . 20 c] to represent the secular magnetic variation, for the 
period 11 ) 02 - 20 , by a series 6 f spherical harmonics, using the values 
derived from fourteen observatories (in Fig. 7 the polar distance of 
these stations is indicated by short lines at the upper and lower 
borders). The development was extended to terms of the degree w = 2 . 
It is evident from the figure that where numerous observations are 
available (e.g. the eleven stations between 0 = 0° and 63-4°, and 
between 0 = 80° and 126-6°), the zonal terms and P 3 affect the X 
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development (67) in very similar ways; likewise for the terms P\ and 
P| in the Z development (62). Hence in this case any terms P 3 and P| 
actually present will appreciably add to the apparent values of Pj 
and P|, respectively, in a calculation not extending beyond second 
degree terms. The orthogonality of the various terms, which would 
prevent such errors arising if the function were everywhere, known, is 
here of little avail because of the unfavourable distribution of the 
known values. No analytical means can overcome this drawback 
attaching to the faulty distribution of the magnetic observatories. 


;*»cos © 



17.21. Schuster’s method of development. Schuster developed 
formulae and tables to facilitate spherical harmonic analysis by re¬ 
ducing it to a series of harmonic analyses. The first stage is the harmonic 
analysis o£f{d,<f>) along the circles of latitude, giving a^{6), b^{d), as in 
( 2 ), for a series of values of 6. If the function is continuous at the 
poles (0=0 and 9 = 180°) every and except must there vanish. 
Thus for m > 0 the data determine a,„(0) and 6,„(0) at points distributed 
over the range 0 < 0 < w. Within this range it is possible to represent 
them by Pourier series involving either cosine or sine terms only; in the 
former case we define a^J^d) for tt < 0 < 2 w by a^(27r—d), and in the latter 
by —a„^(2iT—0). For reasons made apparent later, Schuster used cosine 
series for odd values of m, and sine series for even values of m, thus: 


= am.O+“m.lOO3^+“m.a°OS20+..., 1 

M®) =^m.O+P«i,lCOS04-Pm.2COS20-l-..., / ^ 

= awAsj»^4-«m,2sm20-t-..., I /^e.^en) 

= ^m.ism 9+^^^zsm 2d+... . I 


(90) 

(91) 
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The coefficients os^j, and are obtained by ordinary harmonic 
analysis (16 (9)), and therefore, using the definitions already given for 
the range 77 < 0 < Slw, 

TT 

0‘m.p = “ J «m(^)oosi30 dff (jJ > 0); (92) 

0 

this integral is to be evaluated as described in Chapter XVI, either 
numerically or mechanically, using graphs of a^(0), or individual 
values as in 16.12. 

It now suffices to substitute in (90) and (91) the spherical harmonic 
developments of oospd and sin ^>0 in terms of spherical functions of 
constant order m, i.e. 


CO8P0 = < 3 , PS{(0)+<+i^ PS+i(e)+... (m odd), (93) 

sinpe = PSl(0)+<+i,p i^+i(0)+... (m even). (94) 

Clearly, by (24 o), with the notation 8 „, of (24 a), 

1 

Kp == J P^(0)eo8p0dooa0, 


and similarly for «^j,. Schuster showed that many of the coefficients 
vanish, i.e. 


<p 


"p.p 


0 (m odd) 
= 0 (w even) 


,p—2', n-\-p even). | 


(96) 


The formulae (93) and (94) therefore begin as follows; 


for m odd, p even, m > p—l, 

QO8p0 = i^+«m+2,3> ^+2+- » 

for m odd, p even, m < p—l, 

OO8p0 = 3 

etc,, as Table C shows. 

ITor n p —1 Schuster calculated the coefficients (m odd) and 
'<’n,p even) up to w = 12, p — 12. Table C is a modified extract 
from his tables. The relations (95) explain the choice of the cosine or 
sine series in the developments of a^{0) and bji0), according as m is 
odd or even. 

On substituting from (93), (94) in (90), (91), and collecting the terms 
P^{0) in order, we get 

/(0, ^ {A^oo8rn<[>+B^8m'inif>)P^{GOB0), (96) 
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where, by reason of (95), 


w+1 

71+1 



~ 2 ^37/,25» 

•^7^ jLt Hm.p ^n,p 

(for m odd), 

(97) 

p = 0 




714-1 

71+1 




H7nfP ^n,p 

(for m even). 

(98) 


= 1 




The coefficients u and v are given in the horizontal rows of Table C. 
Thus from the table, using only two places of decimals, 


^0 = 

Ai = 1 * 18^0 2 

A\ = l-18ai^0—0‘59 q:i2 
Al = — 0*490:0 i+l3 


-^3 — O*69a0 2”1“ l*72oi0 4 

Aq = O*42o^3^0+O*84o:4 2— 

A^ = l*33o:2^2— 

= 1*63o:3 0 l‘09a3 24"0*27 o:3 4 


Al = 

A^ == 1 * 2802,1 0 * 430 : 2^3 

The formulae for are obtained from these merely by substituting 
Pm,p ^ni,p* 

In geomagnetic calculations X is first developed in terms of </>, for 
various circles of latitude, so that (cf. ( 2 )) 

. X = X^^^\d)+Xif\e)ooscl>+X^\d)coB2<f>+... (99) 

+Xif\e)Bm<l>+X^^\d)Bm2cl>+,,. . 


Then the integral functions ^ 

Ffe)(0) = a 

0 

and F^H^) 8 -^® formed by numerical or graphical integration, starting 
from F^^(O) = F^^(O) = 0 ; the integration should give, as far as the 
accuracy of the observation permits, (180°) = F^H 180°) = 0 for m > 0 . 
Since X = dVjaBd, this gives Via as a series similar to (99). The Vj^ 
functions are then expressed in the form (90) and (91), and the form 
(96) is obtained by the substitutions (93), (94), or by (97), (98). 
(Alternatively the improvement described in § 22 might be adopted, 
developing X sin d.) For Y sin d, which is 9F lad<f>, the integration with 
respect to ^ can be made after the harmonic analysis in the form ( 2 ). 

As Schmidt [23] has pointed out recently, some explanation is neces¬ 
sary to justify Schuster’s choice of the infimte series (93) and (94) 
instead of the finite series, which for m = 0 , for instance, would give, 
merely by algebraic elimination from the equations ( 6 ), 


cos d = PJ, cos W = IP 2 —i, cos30 = 1 ^ 3 —|ii, etc. (100) 


(see the general formula for cosjp0 and smp0 in Art. 97 of Byerly’s 
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book [16.15]). The reason is the different effect .of an extension of the 
series (90) or (91): with the infinite series (93) and (94), cospS and sm^)0 
affect only the higher harmonics, of degrees n > p— 1 (as can best be 
seen in Table 0), while in the case of the finite series (100), each aospd or 
sinjpfi contains spherical harmonics of the lowest degrees. This apparent 
constancy of the first terms in the final series (96), when the number of 
terms taken in (90) or (91) is increased, is similar to that mentioned in 
16.9, but is of little ^practical value, as Schmidt has shown. In fact, 
Schuster’s method should only be applied if the points for which the 
data are given are evenly distributed over the globe. 

17.22. Schmidt’s and other methods. As already indicated in 
§19, Schmidt started with developments for ZsinS (removing the 
discontinuity at the poles): 

Z sin 0 = 2 -Pn cos sinm^). (101) 

If the potential Vja is 

F/a = 2 P^(g'5?cosm^+A.™sinm^), (102) 

then Z = ^ ^^(gr^oosm^+fe^sinm^). (103) 

Using (56), the formula (103), after multiplication by sin0, can easily 
be transformed into (101), so that, by comparison of corresponding 
terms, the coefficients can be expressed by a combination of coeffi¬ 
cients e^, and, similarly, by 

As to Y sin 6, there is no difficulty in the transformation of the series 
for T sin0 into that for F, since Y sin 6 = dVlad<f>. 

The method of Neumann [4, 13] uses the values on selected circles 
of latitude; in one special case, these latitudes correspond to the roots 
of the zonal harmonics, P®(0) = 0. This method has been further 
developed by Seeliger [14] and applied by Prey [16], and Schmidt 
discusses it in his book [1]. 

If the values of Z, Y, Z are given only for a limited number of 
observatories, the development can be made by the method of least 
squares. A convenient method has been devised by Schmidt [11], and 
has been applied by Bartels [26] in an example worked out in detail. 

17.23. Concluding remarks. Gauss’s memoir of 1839 [22], making 
use of spherical harmonics, not only gave mathematical form and 
precision to Gilbert’s conclusion (§ 14); it also enabled the larger 
irregularities in the earth’s field to be expressed analytically, and ex¬ 
tended to these irregularities the conclusion, which Gilbert’s methods 
could scarcely have established, that the field is of internal origin. 
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Subsequent analyses •with better data will be described in Chapter 
XVIII. 

After Gauss, Schus'ter was the first to make a new apphcation of 
spherical harmonic analysis to the earth’s magnetism; in 1889, fifty 
years after Gauss, he analysed the daily variation of the earth’s mag¬ 
netic field (Chapter XX). 

In general, spherical harmonics occur wherever an equation is in¬ 
volved in which Laplace’s equation (28) appears, and in which spherical 
polar coordinates are appropriate. In geomagnetism they give the only 
definite means of separating interior and exterior parts of the fields. 
On the other hand, it ranfortunately proves very laborious to deal even 
with spherical harmonic functions when many terms need to be taken. 
But to say that in difficult problems the use of spherical harmonics is 
laborious is not to slight the method, because any other accurate treat¬ 
ment would be still more difficult. 

Workers in this field are advised to use the partly normalized 
functions of (19) and (20), introduced by Adolf Schmidt. They 
have the advantage that the mean square value of P^* is the same as 
that for P^, so that the coefficients in the series indicate the relative 
importance of the various terms. This choice would also remedy, for 
the future, the regrettable confusion of notation which has existed in 
geomagnetic literature in the past. A resolution recommending the 
use of Schmidt’s functions [1] was adopted by the International 
Association of Terrestrial Magnetism and Electricity at its Washington 
Assembly in 1939. 
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THE SPHERICAL HARMONIC ANALYSIS OE THE 
MAIN FIELD 

18.1. Gauss’s analysis and its repetitions. In this book the spherical 
harmonics used are those of the partly normalized form, P^, intro¬ 
duced by Schmidt (17.4); we recall that the square of P^(0)sin(m^4-€„) 
averaged over the sphere is l/(2»j,+l). 

The geomagnetic potential will be written in the form 

F = o 2 = F«+FS (1) 

where a denotes the earth’s radius, • 

= 2 ( 2 ) 

m—O 

and the affixes e and i refer to the parts which are respectively of ejf- 
temal and internal origin. The coefficients g^, were called ‘elements 
of the theory of terrestrial magnetism’ by Gauss in his famous memoir; 
now they are usually referred to as Gauss coefficients. They have the 
same physical dimensions as the magnetic force, and can therefore be 
expressed in y. (Note the (unimportant) difference between the defini¬ 
tions given in 2.21, and in (1), (2); the ‘parameters’ ofthe earth magnet, 
in the notation of 2.21, would be 0 ”+® times the ‘elements of the 
theory’.) Comparing (1) and (2) with 17 (61) we find 

/yme_ M Am _ om pm 

y<fl ^71 J ^*'71 ®7l ^71 > 

A»^=(l-aM. (3) 

c = 9Tm^+gT), < = ^r/(^;?*+^r)- J 

We give the first eight Gauss coefficients (external plus intemal) 
found in the most important spherical harmonic analyses of the earth’s 
main field. 

Tablb 1. The first eight Qauss coefficients of the earth's magnetic 
potential V. Unit 10 y = 10“* c.g.s. 

_ AtUkor _ Epocih (/j ^ ^ flg ^ 

Gauss [17.22] 1836 -3236 -311 +826 +61 +292 + 12-2 +167 

Ennaa-Peterson[2,3] 1829 -3201 -284 +601 - 8 + 267 - 4 - 14 +146 
Adams [4, 6] 1846 - 3219 -278 + 678 + 9 +284 - 10 + 4 +136 

Adams [4, 6] 1880 -3168 -243 +603 -49 +297 - 76 + 61 +149 

SVitsohe [6,8] 1886 -3164 - 241 +691 -36 +286 - 76 + 68 +142 

Schmidt [9] 1886 - 3168 -222 +696 - 60 + 278 - 71 + 66 +149 

I>yHonamdPumer[3.9] 1922 -3096 - 226 +692 - 89 +299 -124 +144 + 84 
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These authors based their calculations on different observational 
material. It is likely that the change of the coefficients from one 
epoch to the next indicates not so much the actual secular change, 
but rather the increase in our knowledge of the magnetic field as 
well as of its secular variation—^the latter being necessary for the 
reduction of field observations, taken in different years, to a common 
epoch. 

Gauss [1] had long wished to apply his theory to actual observed data, 
but it was not until 1838 that he obtained observational material which 
seemed adequate for a first trial, namely Sabine’s total intensity (1837) 
chart [12], Barlow’s isogones (1833), and Homer’s isoclines (1836). 
He computed the 24 coefficients of the first 4 orders (17.19) from values 
taken from 84 points on the charts, and compared the observations at 
91 stations with the values computed from his series. 

Erman and Petersen [2] used values for 90 points (9 on each of 10 
circles of latitude); they devoted special attention to the reduction for 
secular variation. 

Adams [4, 6] calculated 48 terms (up to the order n = 6); for the 
epoch 1846 he used Sabine’s chart [12], and for 1880 the Admiralty 
charts; from these charts he took the values at every 10° in longitude 
and 6° in latitude. 

Pritsche’s calculations [6-8] were criticized by vSehmidt as giving too 
much weight to the scanty data in polar regions. Both authors used 
Neumayer’s charts [G 25]. 

18.2. The analysis by Schmidt. Schmidt, as described in 17.19, 
analysed each component of magnetic force separately, and considered 
the possible existence of three parts of the field, two of them having 
potentials and F®, the third part being a non-potential field N. He 
also developed general formulae in which account was taken of the 
deviation of the earth’s surface from a true sphere. Its form was 
supposed to be spheroidal, with the equatorial radius a and the polar 
radius 6; the ellipticity is measured by the parameter 

(4) 

for which he took Bessel’s numerical value 0-006719, corresponding to 
the oblateness {a—b)ja = 1/299. He developed V/b, and instead of 
using the geographical polar distance 6, he introduced the reduced 
polar distance v, which is given by 


tanw = (l-f-e’^/Han^. 


( 5 ) 



§2 


THE ANALYSIS BY SCHMIDT 


641 


Also, instead of analysing the distribution of X, J", and Z, he considered 
the following multiples of them: 


^(l+e^cos^^;)*, 7(1+62)^, Z[{l + €^cos^v)[{l+e^)]^, (6) 


In other respects the computations were the same as in the spherical 
case up to the stage of the separation of the external and internal parts 
of the potential. In the spherical case, if A and B (with appropriate 
suffixes and affixes) are the coefficients for a particular term in F/&, 
obtained from the horizontal components, and if ol and ^ are the 
corresponding coefficients in the development of Z (17 (62)), these satisfy 
the formulae 17 (64) and 17 (66), which read, in the notation (3) (but 
omitting the affixes n, m), 


Consequently, 


a = ng^—(n+l)f, 

i8 

— nhfi —{n+l)ii.^. 

(V) 

A = g^+9^ 

B 

= h^+hiK 

(8) 

„e _ (’2'-l-l).4-l-a 

^ “ 2n+l ’ 


_ {n+l)B+p ^ 

2'W'”|-1 

(9) 

. nA —od 

^ = 2n+i’ 


_ nB —jS 

2?2>“{“ 1 > 


In the case of the spheroidal earth the corresponding formulae are 
given below in (10); they contain additional factors p^, and 
which depend on and differ little from unity. Using the abbreviations 

Schmidt showed that 

^ = €j 4—Sa, — eB —Sj8, i 

A* = ) 

Table 2 gives the values of ^ and 8^, calculated by Schmidt. 

While it is of considerable theoretical interest to consider the influence 
of the earth’s oblate form, it must be admitted that this refinement has 
not added much to our actual knowledge of the field. It makes no 
serious difference to the estimates of either the exterior part, the interior 
part, or the non-potential part of the results. No significant physical 
property of the geomagnetic field can therefore be attributed to the 
earth’s oblateness. 

Bauer [3.6] repeated Schmidt’s analysis for the data of the epoch 
1922, but published only the coefficients for the zonal harmonics and 

gh K 


(lOa) 

( 10 ) 
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Table 2, The numerical values of the coefficients and which occur 
in Schmidt's formulae (10) for the analysis of the magnetic field at the 
surface of a spheroidal earth. 


n = 

1 

2 

s 

4 

5 

6 

m = 0 

0-33423 

0-20064 

0-14332 

0-11148 

0-09121 

0-07718 

1 

0-33512 

0-20077 

0-14337 

0-11150 

0-09122 

0-07719 

2 


0-20115 

0-14350 

0-11156 

0-09125 

0-07720 

3 


.. 

0-14371 

0-11165 

0-09130 

0-07724 

4 



.. 

0-11179 

0-09138 

0-07728 

6 


, . 

., 

,, 

0-09147 

0-07734 

6 



•• 

-- 


0-07740 

Spherical earth 

0-33333 

0-20000 

0-14286 

0-11111 

0-09091 

0-07692 




m 




n = 

1 

2 

3 

4 

6 

0 

m == 0 

0-33423 

0-40038 

0-42882 

0-44464 

0-45470 

0-46167 

1 

0-33288 

0-40019 

0-42876 

0-44461 

0-45469 

0-46166 

2 

,, 

0-39962 

0-42857 

0-44452 

0-45464 

0-46163 

3 

,, 

.. 

0-42825 

0-44438 

0-45456 

0-46169 

4 

,, 

,. 

,, 

0-44417 

0-46445 

0-46152 

5 


,, 


,. 

0-45431 

0-46144 

6 

•• 

•• 

• • 

-• 

*• 

0-46133 

Spherical earth 

0-33333 

0-40000 

0-42867 

0-44444 

0-46454 

0-46154 


18.3* The first-order harmonic. The fimt-orcler terms in the 
potential F/a, at the surface r = a, are as follows (if the affix e or i is 
added to F, gr, and A, the corresponding equation for the part of respec¬ 
tively external or internal origin is obtained): 

VJa = p5P5+(grlcos^+Aisin^)PJ 

= g'5[cos0+(yjcos^+7i];sin^)am0. (11) 

This expression can be transformed as follows. Let 

Hl==9l^+gl^+hl\ oose, = gyHo, tan^o = Wi (^4 > 0). 

( 12 ) 

so that 

gl = HQ cos 6^, gl = sin cos sin sin (13) 

Also let COS0 = oos0oos00+sin0sm0pcos(^—^o), (14) 

so that © is the angle between the (general) direction 6, <f>, and the special 
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direction do, ^o determined by (12) from the eoe£Q.oients in (11). From 
(11), (13), (14)itfoUowsthat 

Ti = HqCos©. (15) 

This is the same as the potential (at r = a) o£ the field of a sphere of 
radius a, uniformly magnetized along the direction (—dj, —^o). 
an intensity such that at 90° from this axis the horizontal magnetic 
force is (1.16). But the field at r = a is not necessarily the same as 
that due to such uniform magnetization, because part of it 'wfil be of 
external origin, imless the coefficients g and h, with affix e, are zero. 
By applying the above transformation to the equations of type (11), 
with affixes c and i, referring to the external and internal parts of the 
field, we obtain two equations, analogous to (16), as follows: 

7i/a = irj(a/r)®cos©’^, Fj/a = jffg(r/o)cos©*, (16) 

where 0 ^ 0' denote the angles between the direction (d, <f>) and directions 
(^o>^o) determined by equations analogous to (12), in which 
g and A are replaced by ¥ or hfi. 

The components of the magnetic field due to Ff at the surface r = a 
are a vertical (downward) component 

Zi = ipVSJdr)^^ = oos©^ (17) 

and a horizontal component, directed away from the pole dg, 

= = (18) 

This field is therefore properly identified with the field of a uniformly 
magnetized sphere (1.15), or with that of a dipole (1.9) of moment 

M = H%a?. (18a) 

The direction 0* = 0, or ^ that of the magnetic pole with 

northern magnetization, for there Z\ is negative, that is, directed out¬ 
wards. 

From (17) and (18) it follows that (omitting the index i) 

= ( 18 b) 

The moment Jf = jETja* of a uniformly magnetized sphere can there¬ 
fore easily be computed, by (18 b), from the horizontal and vertical 
components Z-^ observed at any point on the surface. This led 
Bauer [16] to define a quantity 0, the ‘local magnetic constant’, by the 
equation 

( 3(2 = = j:*-|-r»-l-(i^)®, o = iir(4-ftan*J)t; (18c) 

hence <?a» is the hypothetical moment of the earth inferred from the 
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magnetic field components at a given locality on the assumption that 
this field is due to a homogeneous magnetization of the earth; this 
assumption limits the physical significance of 0, which, however, is 
sometimes discussed. 

The equipotential surfaces for Vf have the equation r cos©® = const., 
and since rcosQ® is the projection of r on the direction these 

surfaces are planes, perpendicular to that direction, and the field has 
a uniform intensity H%, along the direction opposite to {6l,4>%). 

Another possible transformation of (11) represents VJa as corre¬ 
sponding to a combination of the fields of two dipoles, one directed 
along the geographical axis, and having its maximum north com¬ 
ponent, of amount gr}, on the geographical equatoi', and the other with 
its axis in the plane of the equator pointing towards the longitude (f>g, 
and having its maximum east or west intensity in its own 

equatorial plane, which is identical with the two geographical meridian 
planes yet a third representation of the field is by a combination 

of three mutually orthogonal dipoles, at the earth’s centre, namely 

along the axis ^ = 0, grj in the plane of the equator and pointing 
towards <[> = 0, and hi in the same plane, and pointing in the direction 
<j) = 90°. 

Similar transformations may be made for the higher terms in V, 
using Maxwell’s conceptions of quadxupoles, octupoles, etc. (§ 12). 

The following table gives the data for the main internal component 
V\ as determined by Schmidt and Bauer for different epochs; instead of 
which refer to the magnetic pole with northern magnetization, 
lying in the soutAera hemisphere, we give 01 (= 180—0o),i;&i (= ISO-f^J), 
which indicate the position of the magnetic pole with southern mag¬ 
netization (which attracts the northern end of the compass-needle); 
this is situated in the northern hemisphere. 

gp ~ 

0-3238? 

0-31091’ 

Because the hypothetical conception of the unifonnly magnetized 
sphere gives a fairly good approximation to the actual field, we con¬ 
sider it in some detail. The geomagnetic axis (that is, the axis of 
uniform magnetization) goes through the earth’s centre 0, and inter¬ 
sects the earth’s surface in two antipodal points, A in the southern 
hemisphere (here taken to be at latitude 78-6° S., longitude 111° 
E.) and B in the northern hemisphere (latitude 78-6° N., longitude 


11° 28' -68° 30' 

11° 28' -69° 8' 


Author Epoch 

Schmidt [9] 1885 

Bauer [3.5] 1922 
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69° W.). The intensity of the magnetization, if it is assumed uniform 
throughout the earth, is 3j3o/47r, or, if we assume Hq = 0-315 gauss, 
about 0*08 gauss; since cobalt-steel, in bars; can easily be given a rema¬ 
nent magnetization 5,000 times as high (400 gauss), the earth’s field 
could be produced by a uniform distribution of such parallel, highly 
magnetized bars, embedded in non-magnetic material filling up the 
remaining volume, if the magnetized bars occupied a volume, per cubic 
metre, of 200 c.c., corresponding to 1-5 kilogram of cobalt-steel per cubic 
metre. 

The internal cause of the field whose potential is V\ cannot, however, 
be inferred from observations of the field at and above the surface of 
the earth; the same field could be produced by an unlimited number of 
alternative internal distributions of magnetization or of electric-current 
systems. For instance, 17 (84) shows that V{ could be produced by a 
surface current-system, the flow being from east to west, with a 
current-function = (30/47T)ajff^ cos©^ amperes, or a current-density 

—dJJadQ = 0-8sin© amp./cm., 


the total current amounting to 1,000 million amperes. Alternatively 
the fleld might be ascribed to uniform magnetization confined to one 
or more concentric shells, or to a strong dipole at the earth’s centre, 
of moment 


M = 


8-1X10^® gauss cm.® 


For the latter reason, we may call the field of the uniform magnetiza¬ 
tion that of the centred dipole. 

18.4. Geomagnetic coordinates and time. The axis AB of the 
centred dipole is almost as fundamental for geomagnetism as the 
axis of rotation (SN) is for geography. Hence Schmidt [16] introduced 
geomagnetic coordinates, namely the geomagnetic polar distance © or 
the geomagnetic latitude 90°—©, measured from the direction of OB, 
and the geomagnetic longitude A, measured eastwards from the meridian 
half-plane bounded by AB and containing the geographical south 
pole S. The magnetic declination corresponding to the centred dipole 
field, at any point P, is the angle NPB or measured eastwards from 
the geographical north direction PN (Fig. 1). 

The geomagnetic coordinates O, A of a point P, whose geographical 
coordinates are 0, (f>, are calculated from the spherical triangle NBP 
(Fig. 1), where NB = 0^, NP = 0, BP = ©, NBP = 180°-A, NPB = -^/r, 
BNP = We solve for ©, A, and ^ by the ordinary formulae of 

spherical trigonometry. For logarithmic work, it is convenient to draw 
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the perpendicular PD from P to the line NB, and to introduce the 
auxiliary angle k = KD. Then 

taxiK = tSi,n6ooa{4>—<f>j), ' 

tan A = tan(^—^i)sin K/sin(/c—0j), cot © = cos A oot(K—> (19) 

sin^ = —sin0isin(<^—^i)/sin0 = —sin 0^ sin A/sin 0. 

Schmidt [16] has published tables of the geomagnetic coordinates for 
many observatories, taking 6^ = 11-6°, = 69° W.; McNish [17] has 

given nomographs, from which such co¬ 
ordinates can be found easily for any 
terrestrial point. Our Table A (p. T 1) 
gives ©, A, and 'F for i)ast and present 
magnetic observatories. 

Vegard, in a description of the daily 
variations in polar aurora, introduced the 
conception ‘magnetic midnight’. Geo¬ 
magnetic noon and midnight, for any 
station P, are the moments when the sun 
is on the geomagnetic meridian of the 
station, or on the opposite meridian. 
More generally, geomagnetic time is 

geomagnetic coordinates; N is the defined by the angle between the goo- 
north geographical polo, and B the magnetic meridian through the station 
northemendofthegeomagneticaxis opposite to that through 

the sun; it can therefore bo found by computing the geomagnetic 
longitudes of the station and of the sun at any instant. At stations 
in middle and low latitudes the geomagnetic time differs only slightly 
from the geographic local time [14.13]. 

18.5. The field of the centred dipole. The distribution of the 
horizontal magnetic force and its components X and Y, computed for 
the field of the centred dipole, or the field of uniform magnetization, 
is shown in Fig. 2 by vectors of appropriate length and direction, at a 
network of points. The projection [19] chosen for this figure is not the 
usual Mercator projection, which over-emphasizes the polar regions; 
it is also not one of the many equal-area projections, because the 
curvature of the meridians which they involve might give a wrong 
impression of the actual distribution of the vectors. Instead, a simple 
rectangular net is chosen, with the ratio 4 to 6 for one degree of longi¬ 
tude to one of latitude; thus there is no distortion near the latitude 37°, 
but the equatorial belt is compressed, and the polar zones are expanded 
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in the east-west direction. The vectors are, of course, drawn so that 
the scale for the north and east components, X and Y, and for the 
horizontal intensity H, is the same everjrwhere; the angle between the 
direction of the vector and the meridian is therefore equal to the 
declination, that is, the angle ^ (§ 4). 

Two noteworthy features of Fig. 2 are that Y has the same value at 
all points of the same meridian, and X has the same value at all points 
along the equator. These properties may be inferred from the fact that 
the vector sum of the fields of a set of dipoles whose vector moments 
are all situated at the same point 0, is the field of the single 

dipole at 0, with the vector moment M = at any point 

P, therefore, the sum of any particular component (e.g. X or Y) for all 
the separate fields is equal to that component of the field of the dipole 
M. In considering the values of Y at points on the meridian with the 
longitude <f>, the earth’s centred dipole may be supposed resolved into 
component dipoles lying in and perpendicular to the plane of this 
meridian; the former component makes no contribution to T on this 
meridian, and the latter makes the same contribution at all points on 
this and the opposite meridian (^±180°). In considering X at points 
on'the equator, the dipole is resolved into components along the geo¬ 
graphical axis SN, and in the plane of the cqirator; the latter niakos 
no contribution to X at points along the equator. 

Fig. 3 shows the isogonic lines (or lines of equal declination 1)) for 
the field of the centred dipole. The lines of equal U or equal I arc not 
given, since they are merely the circles of geomagnetic latitude (-- 90—0). 
The geomagnetic equator (of the dipole field), shown in Fig. 3, is 
the line © = 90°, this intersects the geographic equator in longitudes 
21° and 201° east; its northernmost point, in latitude 11-6°, has tho 
longitude 111° east, and its southernmost point is in longitude 291° 
east. 

18.6. The magnetic centre 0 and the eccentric dipole. >Supposo 
that the origin of the polar coordinate system is moved from tho earth’s 
centre O to another point O' (without changing tho directions of tho 
polar axis and initial meridian). Let (r, 0, bo the polar coordinates of 
a point P relative to 0, and (x, y, %) its corresponding Cartesian coordi¬ 
nates, given by 17 (1); let 0' be the point (x^, y^, and lot tho polar 
and Cartesian coordinates of P relative to 0' be (r'. O', ^') and («', y', s'). 

Then , , , 

X — x—Xq, y' = y—Va, z' = s—S q, 

X = Xo+x', y == y^+y', z = Vod-*'- 


or 



(649) 



limes of equal magnetic decimation corresponding to the centred dipole field 
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These equations suffice to determine r', 0', in terms of r, d, and 
j/o, using also relations analogous to those of 17 (1), for x\ y\ 
Clearly _ a;2+^2+^g+2(a;„a:'+yo2/'+Zo2')+»-'" (20) 

== rg-f2ror'cosi/r'+r'2, 

where cos = cos 6q cos 0' +sin 0^ sin 0' cos(</>'— ^q) . 

Any spherical harmonic term of degree n, in F^*, can be expressed in 
the form or where is ^ homo¬ 

geneous (harmonic) polynomial of degree n in x, y, z. By the above 

n 

substitution /„ can be expressed as a sum 2 2/^ ^')> where F^' is 

n' = o 

a homogeneous polynomial of degree n' in x\ y\ whose coefficients 
involve Xq, y^, and Zq\ evidently the term of highest degree, F^X^\y\z')^ 
is of the same form as/^, so that it is equal to r'^;S^(0', ; it is not diffi¬ 

cult to prove that the other terms are also, separately, harmonic func¬ 
tions, satisfying Laplace’s equation, so that they can be written as 
r'^%.(0',<^')- Hence 

= S r'-'SA 6 ', 4 >') = i r'-'-s,Ae',n (21) 

w'« 0 ri'« 0 

The factor l/r®"'+^ in fj,x,y,z)lr^”'+^ can be expanded as a series of 
inverse powers of r' (of. (20)), the first term being coeffi¬ 

cients of the other terms are functions of 6' and Thus the expression 
o£fJr^+^, or t^3n{S,<f>), in terms of r', 6', obtained by multiplying 
this expansion of 1/r^^+i by (21), is a series of inverse powers of r', the 
first term being of precisely the same form as r">Sf„(fl,^). 

Consequently when F* is expressed in terms of r', d', and the terms 
of degree —2, namely Si{d,(j>)lr^, which correspond to the field of the 
centred dipole, are transformed to a series of terms of which the first 
is the later terms being proportional to 1/r'®, the 

coefficients of these terms are surface harmonics of degrees 2, 3,.,. 
The further terms in F^, when expressed in terms of r', B', all corre¬ 
spond to harmonics of the form <f>)lr^, where m > 2, so that the 

first term in the new expression (F'’^) for F^ is 8].{B',<l>')lr'\ which 
corresponds to the field of a dipole with the same vector moment as 
the centred dipole, but with its centre at O'. Thus this vector moment 
is an invariant feature of the field; it is called the vector moment of 
the field dipole, without reference to any particular origin. But the 
choice of origin affects the form of the remaining harmonics in F^; in 
the case of the second harmonic in F'’*, this consists of a part 8^(8', ^')/r'* 
identical in form with the second harmonic in V^, involving pj, AJ, g\, A|, 
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together with a contribution, T 2 { 6 ’, 4 >')lr'^, say, which comes from the 
transformation of the first term in namely 

(gf^ cos sin 9 cos sin 6 sin 

so that it involves these factors grj, g\, and h\, each multiplied by one 
or other of the coordinates y^, Zq of O'. It is easy to see that this 
contribution to V'^ from Y\ does not involve cos 2^' or sin 2<f>', so that 
in the factors of P|(cos0')cos 2^' and P|(cos 0')sm 2^' are gl and 
as in V\. 

As Kelvin first pointed out, the terms in Fg* involving Pg and PJ, 
with coefficients gf, g\, and A|', can be made to vanish by suitable 
choice of ajg, y^, Zg; the point O' so chosen is called the magnetic centre 
C of the field. With this choice of origin, the potential F'^ is that of 
the field dipole centred at C (this is called the eccentric dipole of the 
field, since C is not at the earth’s centre), together with a term Fg^ of 
the special form P|(cos 0 ')sin( 2 ^'+e 2 ), and higher terms V'^ {n > 2). 

Schmidt found the following formulae for the coordinates of C; he also 
showed that the choice of C, as the origin O', made the square of Fg^, 
averaged over any sphere centred at O', a minimum; it is, indeed, easy 
to see, from 17 (17, 22), that this averaged square of Fg* is a multiple 
of ( 9 ' 2 ')*+ (S^ 2 ')®+(^ 2 ')^+ (9'r)®+ (^ 2 ')^; *■'^0 terms, as stated above, 

are independent of the position of O', so that the expression is a mini¬ 
mum when g\, are all zero; these conditions require that 0' is at 
0, as follows: 

*0 = a(Po-ffS 2/0-= a{L^-g\E)lZHl z, = o(Pg-AiP)/3Pg, 

( 22 ) 

where HI = psk+9'i9'i+M^i> (23) 

h = -Hgl+{giK-Mgl+gm)^^, 

E = M^+L^g\+L^h\)imi. 

For the epoch 1922, in terms of the unit 10 y = 10"^c,g.s. Schmidt 
found the values 

^0 == _67, g\ = +292, h\ = -122, gl - +143, %% ^ +113, 

.(26) 

and so obtained 

xja == +0*0061, yja = —0*0609, z^ja = +0*0168. (26) 

The distance OC is 0*0636a or 342 km.; and C is in latitude 6*6° north 
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and longitude 161-8° east. Let C' be the point where OC meets the 
earth’s surface. 

The plane of the equator of the centred dipole, that is, the plane 
through the earth’s centre O perpendicular to the magnetic axis AB, 
all but contains C, which lies only 10 km. south of it. This fact, that 
the dipole is shifted in a direction practically perpendicular to its axis, 
makes it less difficult to visualize the field of the eccentric dipole (Fig. 4). 


A,B-POLES OF AX(S OF CENTERED DIPOLE; A',6= INTERSECTION OF AXIS OF ECCENTRIC DIPOLE SITU¬ 
ATED AT magnetic centre C; A,POINTS INHERE FIELD-HECTOR OF ECCENTRIC DIPOLE IS 

HERTICAL 



Ficf. 4. Magnetic vectors of the fields of the centred dipole (left) and of the 
ec.centrio dipole (right). The distance of the o<!t‘ontric dipole, at 0, from the 
(tontro O, is 0*0536 times the radius of tho circle, as in the case of the earth 


The highest value of the horizontal intensity on the surface of tho eartli 
(computed for the eccentric dipole), occurs near O', being 0-371 gauss, 
while near its antipode C" it is only 0-270 gauss, these values having tho 
rather considerable ratio 1-37: 1. From the surface to 100 km. altitude 
above the ground, H decreases, near O', from 0-371 to 0-363 gauss, but 
near 0" the decrease is only from 0-270 to 0-268 gauss. 

Figs. 6-11 show the field of the eccentric dipole; Bartels [lOj has 
given extensive tables for this field. The difference between the 
eccentric-dipole field over the geographic north and south polar areas 
is noticeable. 

The extension of the axis of the eccentric dipole, that is, a line parallel 
to AB drawn through C, pierces the earth’s surface in two points A' 
and B', whose positions are: A', 76-3° south, 121-2® east; B', 80-1® north, 
277-3® east. 
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Tig, 5. The horizontal ina.gnetic force-vectors for the eccentric dipole field, at equidistant points along parallels of 

latitude, 20° apart 
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At these points the magnetic vector is along the axis, but because of 
the eccentricity of C, the vector is not vertical there, so that the charts 
show no special features at A' and B'. The magnetic vector in the field 
of the eccentric dipole is vertical at two points A" and B" which have 
the character of poles, for this field. They are situated (Big. 4) in the 
plane through OC and AB, on the extensions of the great circles A A' 



'NORTH F>01. Aft AREA 

Fia.^6 


SOUTH POLAR AREA 

Fig. 7 


Figb, 6 ati<l 7. The horizoiilal magn<'t.ic vectors over the north and south polar areas, 
corresponding to the eccentric dipole field 


and BB' beyond A' and B', at 9-2° angular distance from A or B. Their 
positions are: A", 71'2° south, 133-6® east; B", 81-0® north, 239-4° east. 

It is of interest to compare the positions of these points with those 
of the magnetic dip-i)oles Pg and Pn as actually observed (Pigs. 12 and 
13); we assume that their coordinates are: Pg, 71-2° south, 160-8° east; 
Pjf, 70-8° north, 264-0° east. The angular distances are: APg = 12-2°; 
BPn = 10-4°; A"Pg — 6-6°; B'Pj, = 11-6°; in the north B and B" are 
about equally far from P^, but in the south A" is distinctly nearer to 
Pg than to A. This shows the better approximation to the field, which 
we obtain by using the eccentric dipole (although the positions of Pg 
and Pjj are not very fundamental characteristics of the actual field, 
because their locations may, and probably do, depend on regional 
anomalies in the polar zone). The line Pg P^ is even more eccentric than 
the axis of the eccentric dipole; the perpendicular drawn from the 
earth’s centre to this line PgPjj measures 1,140 km., more than one-sixth 
of the earth’s radius, and is directed towards a surface-point on the 
equator in about longitude 208° east. 
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Lines of equal horizontal ma^etic intensity corresponding to the eccentric dipole field 
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Fia. 11. Lines of equal total magnetic intensity corresponomg 
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18.7. The terms of higher order. The relative importance of the 
terms of the third and higher orders in V may be estimated by forming 
the differences between F or its components (at r = a) for the observed 
field, and for the field of the dipole, either centred (F^) or eccentric (F^). 
Figs. 14 and 16 give the horizontal vectors [19] for these differences. 
Average numerical values for the differences in the three force com- 
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N,S»C£0(iRAPHlC POLES OP ROTATiOi* 

AS^POLES OF Apts OP CEHTREO OtPOLE, OR UNIFORM MAGNETIZATION 
Jlb'^INTERSECTION of axis of eccentric DIPOLE DRAWN THROUGH MAG- 
NETIC CENTRE C 

aU”*POINTS where PtELD-VeCTOR OF ECCENTRIC DIPOLE IS WERTlCAL 
P^,nonmagnetic poles WHERE OBSERVED HORIZONTAL INTENSITY IS ZERO 

A.8N POLES OP AXIS OF CENTRED DIPOLE} A^BmINTERSECTION OF AXIS OF ECCENTRIC DIPOLE SITU¬ 
ATED AT MAGNETIC CENTRE C; A’IB'nRoinTS WHERE FIELD-VECTOR OF ECCENTRIC DIPOLE IS 

VERTICAL 

Figs. 12 and 13. Indicating the location of various poles, 1922 

ponents, taken without regard to sign, are given in the following table, 
for the northern and southern zones 26° to 66°, for the intervening zone 
25° S. to 26°N., and for the whole zone 66° S. to 65°N.; the average 
numerical values of the actual force components for the centred dipole 
are also given, in column (1), for comparison (those for the eccentric 
dipole are only slightly different). 

Table 3. Average, numerical vogues of the three magnetic components, over 
four zones, for (1) the field of the centred ddpole -,{2) the observedfidd minus the 
centred dipole field', (3) the observed field minus the eccentric dipole field. 


Unit 0-001 c.g.s. = 100 y 


Zone 

North component X 

JSast component Y 

Vertical component Z 

(1) 

(2) 

(3) 

(1) 

(2) 

(3) 

(1) 

(2) 

(3) 

66'» N.-26® N. 

226 

17' 

22 

40 

36 

36 

390 

60 

48 

26® N.-26° S. 

307 

38 

28 

40 



69 

39 

42 

26® S.-66® S. 

226 

34 

26 

40 

32 i 

m 

390 

76 

39 

66® 3Sr.-66® S. 

264 

31 

26 

40 

27 

26 

240 

. 61 

43 
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Fig. 15. Horizontal magnetic vectors correspond^ to 
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Inspection of the three sets of charts, for the centred-dipole field 
(Figs. 2 and 3), the eccentric-dipole field (Figs. 5-11), and the observed 
field (illustrated by the isomagnetic charts. Figs. 3.2-3.4), leaves no 
doubt that the eccentric-dipole field gives a truer picture of the observed 
field than the centred-dipole (or uniform-magnetization) field, especially 
as regards two characteristic features: ( 1 ) the variation of the magnetic 
intensity with longitude near the equator (with high values between 
Australia and Asia, and low values over South America), and ( 2 ) the 
form of the zero-isbgonics (along which the compass points true north). 
Figs. 14 and 15, however, show that the average values of the differences 
from the observed field are only slightly smaller for the eccentric than 
for the centred dipole field. Table 3 confirms this impression; in fact, 
in the northern zone, 65° to 25° N., the approximation furnished by 
the eccentric dipole is even a little inferior to that furnished by the 
centred dipole. But in the equatorial zone (for X) and in the southern 
zone, the eccentric dipole gives a decidedly superior approximation, as 
is already suggested by Figs. 14 and 15, so that for the whole area over 
which the observations are trustworthy the eccentric dipole gives the 
better representation. Considering the numerical data given in the 
table, we find that the differences in X are about one-tenth as large as 
the observed values; in Z they are higher, being more than one-sixth of 
the observed values. The differences in Y are, in absolute figures, of the 
same order as those in X. 

The root-mean-square values of the terms in Vla of the first four orders, 
relative to the earth’s centre 0 , for the epoch 1886, have been com¬ 
puted by Schmidt from (17.22); they are as follows, in the unit 10 y: 

lKl/o= 1,866, |Fjl/a=151, IF 3 I /0 = 86 , [Fj/a = 40. (27) 

The special importance of ITJl/a as compared with the subsequent terms 
is obvious. The main term in TJ is the axial or PJ component, with mean 
value 1,828, while the equatorial component, of magnitude 371, is not 
much greater than 1^. The reduction of IT 2 I by the change of origin to 
the magnetic centre is roughly one-half, and brings to the same order 
of magnitude as T^. 

Thus the various stages of approximation to the earth’s field are as 
follows: We start with the field of the dipole alined along the earth’s 
rotation axis; we then introduce the obliquity of the magnetic axis, 
giving the centred dipole; this is an important first improvement. The 
next stage, the removal of the dipole to an eccentric position, makes a 
smaller improvement in the approximation to the observed values. 
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18.8. The analysis by Dyson and Furner. Dyson and Furner 
[10] derived the coeificients g and h (forty-eight in all, up to the sixth 
degree) separately from X, Y, and Z, using values taken from the 
Admiralty 1922 charts at intervals of 10° in latitude and longitude. 
Some of the results are given in Table 4. In the case of Z they also made 
a separate determination—^given in column Z (2)—omitting the data 
for the zones of latitude -1-70° and -[-80°. The first four coefficients 
thus derived were as follows (unit lOy): 


Table 4 



X 

Y 

ZW 

Z(2) 


3,095 

.. 

3,000 

3,046 

al 

196 

232 

222 

232 

hi 

-698 

-592 

-661 

-566 

gS 

133 

•• 

91 

46 


The differences between the results in the last two columns are the 
more noteworthy siace in the analysis which gave the results Z{1) the 
zones -1-70°, -1-80° had been assigned weights only one-fifth those of 
the other zones. Hence it was judged unsafe to infer the existence of 
externally produced parts of the field from the differences between the 
first two and last two columns. 

Suitably weighted means of the coefficients obtained from X and Y 
were taken, and the calculated values of X, Y, Z derived from the 
resulting potential were compared with the observed values. Some large 
differences (rising to 1,600 y) were found even in the case of X and Y, 
and Z showed considerable differences in many parts of the world, and 
very large ones in high latitudes. The latter was to be expected from 
the way in which Z is determined, by the measurement of H and I. 

The ellipticity of the earth was not taken into account in deriving 
the above figures: if this had been done, g^ as derived from X would 
be reduced from 3,096 to 3,074, and as derived from Z from 3,046 to 
3,042; grg, which is the coefficient most likely to be affected, would be 
altered from —266 (Z) or —186 (Z) to —307 (X) or —206 (Z). 

18.9 The external field, and the non-potential field. The most 
recent spherical harmonic analysis of the earth’s field, by Bauer [14], 
while confirming that most of the field is of internal origin, ascribed 
about 3 per cent, of the total to external causes (F*), and about as 
much to a non-potential part JY (due to earth-air currents). The 
calculations by Dyson and Furner [10], described in § 8 and in 3.7, 

throw serious doubt on the reality of F* and N, and it is hard to escape 

8596 .son .f> 
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the conclusion that these two results of the spherical harmonic analysis 
may be mostly due to oiur incomplete observational knowledge of the 
field, especially near the poles. However, it seems worth while to 
consider in some detail the weight of the evidence for an external field. 

According to § 3, the first-order harmonic of external origin corre¬ 
sponds to a homogeneous field of intensity H%, in the direction of 
the line from the earth’s centre 0 to a surface-point having the geo¬ 
graphical coordinates: north polar distance = (180°— longitude 
= (180°-l-^g). The two available determinations of this part of the 
external field are as follows: 


Table 5 


Author 

Epoch 

Si' 

ffi' 

hY 

11% 



Schmidt [9] 

1885 

~186y 

+ 241 y 

— 4y 

304 y 

52“ 


Bauer [14] 

1922 

— 523 y 

+ 69y 

+ 113y 

530 y 

14“ 

239" K. 


Bauer’s calculation, based on far better material than Schmidt’s, 
gave an even higher value for the external field, and the directions of 
the axis of the first harmonic, in the new determinations, are not very 
different. Disregarding the obliquity {6\ = 14°) found by Bauer, one 
may represent the field by a constant vector which increases the hori¬ 
zontal field near the equator by about 600 y, so that the total field 
near the equator is 

= 30468+623 = 30,991 y. 

The corresponding vertical component of the external field (taking 
X® = 600 y at the equator) is Z® = —600 cos 0. Is it possible that 
the computed external field is merely a result of faulty observations 
of Z, or of the inclination ? In latitude 60° (0 = 30°) this would mean 
an error of 260 y in Z. The inclination for the main interior field, given 
by 3 ( 1 ), namely tanJ = 2cot0, is I = 74° at 0 = 30°, and the corre¬ 
sponding value of H is 16,000 y. By differentiating the equation 
tan / = ZjH, and taking dH = 0 , we get dljcos^I — dZ/H, and these 
values of I and H, with dZ = 260 y, give dl — -4-3' of arc. 

Inclination measurements about 6 ' too small in the northern hemi¬ 
sphere, and 6 ' too high in the southern hemisphere, would therefore 
‘produce’ the external field. Now the lines of equal dip on the Admiralty 
1922 charts, for I = 70° and I = 76°, are about 20 mm. apart; the error 
mentioned would therefore be equivalent to a shift of these isoclines by 
about 0-3 mm. poleward from their real position. With the necessary 
smoothing implied in the construction of the charts, the assumption of 
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such an error does not seem at all unreasonable, especially since the 
cruises of the Oalilee and Carnegie disclosed many regions on the 
oceans where the errors of the then existing charts were greater than 1°. 

We have therefore to look elsewhere for evidence of an exterior field, 
and we find it in the post-perturbation (9.10) after magnetic storms 
(the ring-current field of 24.13, 25.9), discussed, in this respect, by 
Schmidt [21] (see 21.8). 



Fig. 16. Indicating the distribution of intensity (in amperes per square kilometre) of 
vortical electric currents crossing the earth’s surface according to A. Schmidt’s analysis 
of the magnetic world charts for 1886. The areas of downward current are those over 
which the network of meridians and parallels is shown 


The discussion in 3.7 of the hypothetical earth-air currents, or the 
non-potential field, is supplemented here by a map constructed by 
Schmidt [29] from his analysis for 1886. Current entering the earth is 
reckoned positive. There is a broad zone of apparent downward current 
along the equator; at the poles the outward current has a density of 
about 0-08 ampere per square kilometre. Arguments such as those 
used with regard to the mean exterior field resulting from spherical 
harmonic analyses of data taken from world magnetic maps apply also 
to this non-potential field (see [3.106]). 

18.10. The decrease of the field of internal origin, above the 
earth. The potential of the internal field, expressed in the form (1) 

Vi = 

has coefficients o^, which give the field at the surface r — a. In 
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order to compute the field at any higher level = a+^, may he 
conv6iu6iitly written in the form 

(28) 


The ratios hi which the coefficients of order n are diminished 

at the height h = d^—d are given below, for d = 6,370 km. and several 
values of }i\ the root-mean-square values of {VJK ^smg 

the data of (27), unit 10 y. 

Table 6 


n = 

1 

2 

3 

4 

n = 1 

Height ^ 0 km. 

1-000 

1-000 

1-000 

1-000 

(F„)K = 1805 

100 km. 

0-964 

0-940 

0-925 

0-911 

1779 

200 km. 

0-911 

0-884 

0-857 

0-831 

1699 

300 km. 

0-871 

0-832 

0-794 

0-759 

1625 

400 km. 

0-833 

0-784 

0-738 

0-694 

1553 

1,000 lun. 

0-646 

0-668 

0-482 

0-417 

1205 

2,000 km. 

0-441 

0-336 

0-265 

0-194 

823 

6,370 km. 

0-125 

0-062 

0-031 

0-016 

233 


2 


151 

142 

134 

126 

118 

84 

61 

9 


3 


86 

79 

73 

68 

63 

41 


4 


40 

36 

33 

30 

28 

17 

8 

1 


This table illustrates how, with increasing height, the higher terms 
decrease in importance relative to the first-order term (the dipole field). 
Local disturbances, which correspond to harmonics (or a combination 
of harmonics) of high degree, are reduced even more effectively.^ Con¬ 
sider a local anomaly which may be attributed to a dipole at 3 km. 
depth below the surface; such a dipole, in a spherical harmonic expan¬ 
sion, could only be described by terms of order n higher than 8,000. 
Let its maximum disturbing force, at the surface, bo 2,000 y. This 
would be reduced to 64 y at - 10 km., 7 y at - 20 km., and 2 y at 
= 30 km. This calculation has an obvious bearing on the field of 
local magnetic masses buried under non-magnetic strata, or at the 


bottom of the ocean. i • c 11 

For a discussion of the space gradients of the earth a mii.gnot.io holn, 

see 2.39 and a paper by Chapman [30]. 

18.11. The secular variation. The apparent perioduiity suggested 
by the secular variation at some stations with long scries of observa¬ 
tions (3.9) was studied by Carlheim-GyUenskbld [26 and 27]. He found 
expressions for the potential at the epochs 1787, 1700, and 1600, in 

the form F/a = 2 2 (®); 

n m 


his results were partly based on a backward extrapolation (in time) of 
the secular variations actually observed at a number of stations. He 
considered that the coefficients OlH were approximately constant, and 
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that the ‘phases’ are linear functions of the time t (reckoned in years, 
taking ^ = 0 at the year 1800), so that 

C = (30) 

This corresponds to a complete revolution of the field of the harmonic 
PJf, in the time = ^'^IPn y^ars. His numerical values for these 
periods are 

Tl = 3,147, Tl = 1,381, P| = 454 years. (31) 

The value of Tl is about equal to the period of the cycle in the secular 
variation suggested by the declination data for western Europe. 

However, this simple conception of the secular variation is not by 
any means confirmed by Bartels’s more recent analysis [28] of it (up 
to n = 2), which was based on the most accurate data available, 
namely the records of fourteen observatories, for the period 1902-20. 
‘ We compare his results with those obtained by taking the differences 
between the results of Dyson and Burner (1922) and of Schmidt, and 
also with the ‘theoretical’ values computed from Carlheim-GyllenskOld’s 
formula: 


Table 7. Spherical harmonic coefficients for the average annual secular 

variation. Unit 1 y. 



Epoch 

iJi 

(A 



9l 


r/a 

fil 

Dyson-Schinidt 

1922-1886 

+ 20 

-1 

-1 

-10 

+ 6 

-14 

+ 21 

-18 

BarfiOls . 

1920-1902 

+ 42 

-0 

+ 33 

-7 

+ 8 

-25 

+ 13 

-8 

Carlhoim- 

(iyllonHkold 

1920-1902 

0 

+ 13 

+ 4 

0 

-4 

-]2 

+ 33 

-17 


The following conclusions are suggested: 

(а) The spherical harmonic series for the secular variation converges 
much more slowly than that for the main field. The predominance of 
the first-order term, so conspicuous in the main field, does not appear 
in the sccsular variation. 

This is well illustrated by the following comparison. The sum of the 
coofiicients of the spherical harmonic terms of degrees 1 and 2 (r/^ to 
A|) in the j)otential of the main field is eleven times the sum of tlio 
coefficients for the terms of degree 3; the corresponding ratio for 
the potential of the secular variation is only two (in this comparison 
the main-field potential was computed from the data for the fourteen 
observatories used in the secular-variation analysis). 

(б) GyllenskOld’s phase-formula (30) is not valid, nor the isomagnetic 
charts drawn by Fritsche [3.41], for epochs extending back as far as 
A.n. 1000, based on extrapolations from similar formulae. 
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(c) The apparent decrease in the earth’s magnetic moment, by about 
of its whole value, per year, which is indicated by a comparison 

between the results of analyses of the main field at different epochs, 
appears also in Bartels’s secular-variation analysis; he found the value 
-1-42 y for the annual change of (which in 1922 was about —31,500y), 
or rather more than 0-1 per cent.; the percentage change in other 
harmonics was much greater (see also p. 131). 

(d) While the main field may be regarded as a combination of a 
planetary field (the dipole field) and of weaker regional fields, the 
secular variation appears to have no outstanding part of planetary 
character; it consists largely of 6 regional changes which cannot easily 
be represented by a spherical harmonic series. 

18.12. Multipoles. It was mentioned in 17.8 that it is possible, 
as Maxwell [24] showed, to generate a surface spherical harmonic 
function iS^ of order n by successive differentiations of (1/r) along 
various axes so that 

d d _d_(}\ _ ^ (32) 

d\dK"dhSx] 

When % = 1 the function is the potential of the field of a dipole ; when 
w = 2 it corresponds to a quadrupole (a closely adjacent combination 
of two dipoles with equal and opposite moments); and so on. Bach term 
V„ in the earth’s potential V (at r = a), involving 2n+l spherical 
harmonic coefficients, can be expressed in this way, by a numerical 
coefficient (representing a magnetic moment) and the directions {d, <^) 
of n axes, Such an expression has been worked out by 

Umow [26], for the epoch 1886, and for n= 1, 2, and 3. Only one 
other such application of Maxwell’s theory of poles (by Bruins [14.92]) 
has come to our knowledge. 
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THE VARIABILITY OF THE HARMONIC COEFFICIENTS 
■ FOR THE SOLAR AND LUNAR DAILY VARIATIONS 

19.1. Methods for expressing the variability of daily variations. 
The usual expressions and modes of description for variability, derived 
in general statistics, are mostly applicable to cases in which each obser¬ 
vation is expressed by one quantity (leading to the discussion of fre¬ 
quency-curves, standard deviation, etc.; for example, air-temperature 
at a station read daily at noon) or by two quantities (leading to the 
theory of correlation). These methods are not immediately applic¬ 
able to research on periodic (for instance, daily) variations. The use 
of ranges (7.8) for this purpose can only be regarded as a simplifying 
measure adopted in order to obtain a first approximate characterization 
of the variability of the variation, for a large mass of data; more refined 
methods of description should afterwards be used. 

Consider the solar daily variation S of (say) the declination D at 
Huancayo (Peru). The D variometer gives a record of S for each day, 
from midnight to midnight, as a continuous curve. The first simplifying 
step is to derive the hourly means, and to regard S as given, for any day, 
by the twenty-five hourly means beginning with the one for O'* to 1** of 
that day, and ending with the one for O'* to 1'* of the next day; this 
allows for a possible non-cyclic change. Thus from N days we obtain 
a series of N individual sets of twenty-five values {N of them being 
repetitions, one per day). 

The next step is to derive average sets of twenty-five values from these 
N individual sets, as in 16.29, for aU the N days, and also for selected 
groups of days, chosen, for instance, according to season, sunspot 
number, or magnetic activity. These average sets represent the solar 
daily variation S of the element considered, and the differences between 
S as thus derived from different groups of days indicate how S varies 
with or is influenced by the season, the sunspottedness, and so on. 

This procedure, however, does not disclose the full variability of S. 
In the case of the noon air-temperature, for example, it would corre¬ 
spond to computing averages for different seasons, for high or low 
pressure, etc.; but the temperature might also vary considerably from 
quite different causes, which had perhaps been overlooked. The full 
variability of the temperature is better represented by the frequency- 
distribution, which gives the relative number, or percentage, of days 
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on which the noon temperature lies in the successive intervals of 1°. 
This frequency-distribution is easily determined from the original ob¬ 
servations, without regard to any real or supposed cause. Our problem 
is to find a suitable analogy to it which can represent the full variability 
of S, as distinguished from the more or less regular changes of S with 
season, sunspots, or magnetic activity. That part of the variability 
of S, which can as yet not be accounted for by the infiuence of season, 
sunspots, or other well-known causes, may be called irregular or for¬ 
tuitous. Since it is found to be of the same order of magnitude as the 
regular changes, it deserves to be studied in detail. 

By harmonic analysis, after correcting for the non-cyclic variation, 
each day is represented by a set of harmonic coeificients %, 
a,^, 6^. For each frequency n a harmonic dial is plotted as described in 
16.18. The analyses for the N separate days are represented on each 
dial as a cloud of N points, and the variability of S is now represented 
by the geometrical properties of these clouds; this can, in many cases, 
be expressed in the following way, which is more general than the case 
of circular symmetry considered in 16.24. 

19.2, Ellipsoidal clouds of points. Consider a cloud of N points 
in a plane, with the rectangular coordinates (v = l,2,...,iV). 

The coordinates of the centre C are Zq = 2 The 

coordinates of the deviations from the centre C may be called 

Vv ^ ^0’ 

Let the standard deviations be a^., <Xy, and let r be the correlation- 
coefl&cient between and (or, equally, between and so that 

<yx = 2 = 2 (1) 


The general Gaussian frequency distribution which fits the cloud 
best, as judged by the method of least squares, is then expressed by the 
probability, w{x,y)dxd/y, that a point is situated in the rectangle 
{x,x-\-dx, y,y^-dy), namely 


where 


w{x, y) = 

al a^aj 


m 

(3) 

(4) 


The lines of equal frequency are ellipses Q{x,y) = constant with the 
centre C; the major and minor axes aU have the same ratio. The major 
axis makes an angle $ with the rr-axis, where 


tan 20 = 2ro^aJ{al—aiy,. 


(6) 
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d must be chosen between 0° and 90° for r > 0, and between 90° and 
180° for r < 0 . For r = 0 , 0 is 0 ° or 90°, according as or <Ty is the 
greater; for r = 0 and Cj, = cry, the ellipses degenerate into circles. 

If new coordinate axes ij are taken, along the major and minor 
axes of the elHpses (Fig. 1 ), Q is transformed into 

( 3 (^, 7 ,) = ( 6 ) 

where C^) 

say, and == o-|a2(l—r^). (8) 



Y 


Fig. 1. Illustrating coordinate-systems used in the 
geometrical description of clouds of points 

By means of (7) and ( 8 ), the standard deviations cr^, cr^ along the new 
axes can be calculated from the standard deviations Oy along the 
original axes, and from the correlation-coefficient r. From ( 1 ) and (7) it 
foUows that ( 9 ) 

so that is the average square distance of the points from the centre 
0 ; Jtf is useful if it is desired to specify the dispersion of the cloud by a 
single parameter, disregarding the elhptioity; it may be called the two- 
dimensional standard deviation. Using the equation 16 (47 a) we find 
that the average square distance Jfrom the origin of the coordinate 
system is ( 10 ) 

In the ideal case of a perfect Gaussian distribution, the total proba¬ 
bility that a point falls outside the ellipse Q = constant is simply 

3596.3011 S 
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ezp(—Q/2). The probable-error ellipse which contaias Nj'i points inside, 
while JV/2 he outside, is therefore given by exp{—QI2) = ^,otQ = log^ 4. 
The major and minor axes, Mj^ and M^, of the probable-error elhpse 
are therefore, by (6), <r| and cr, multiplied by (log 4 4)i (=1-17741). These 
may be obtained by solving (7) and (8); both results may be expressed 
in the following formula (taking the -j- sign for the major axis M^, 
and the — sign for the minor axis M^): 

M^, = 0-83256[((T|+cT2)±{(cT|-a|)*-h4rM (11) 

We note further that 

= l-1774Jlf. (12) 

In the case of circular symmetry = ay,r = 0), = = 0-833Jf. 

The actual calculation runs thus: and ra^Oy are computed 

from (1), M from (7), 6 from (6), and and from (11). These values 
can always be calculated, because the formulae do not presuppose that 
the cloud is Gaussian, but give only the constants of a Gaussian distribu¬ 
tion which fits the given cloud best. If a diagram should show that the 
cloud is obviously non-Gaussian—^for instance with points clustered 
around two different centres—^the constants Mi and M^, etc., will not 
be wrong, though they will have little meaning. In cases referring to 
the harmonic dials for S and L, however, the cloud is likely to be fairly 
Gaussian or ‘normal’ in appearance; an easy, though only partial, 
test is to draw the probable-error elhpse and count the number of 
points inside and outside, which should be nearly equal. More severe 
arithmetical tests of normahty are in general not apphcable, because 
they require too much material. If, therefore, we treat a distribution 
as normal, it is advisable not to press the conclusions too far, and to 
use the properties of the normal distribution with that ‘grain of salt’ 
which is necessary in aU apphcations of the theory of probability. 

IVom what has been said about the definition of the probable-error 
elhpse, it is easy to show that the probabihty that a point falls outside 
an elhpse with the axes kMi, kM^ is (1/2)*^; for instance, it is 1/16 for 
K = 2,, 1/512 for /c = 3, 1/66000 for /c = 4, 1/(33 X10®) for k = 5, 
1/(7 X10 ^®) for K = 6. Tor all practical purposes, no point is therefore 
to be expected outside the elhpse with axes QMi, 

The ratio may be called the axis-ratio. 

Tor ‘normalized’ variables (a^, = Vy), MJMz = (I+t)*: (1 —J')^; this 
apphes to cases in which the units of x and y are arbitrary, such as 
those discussed in 11.10-12, but in harmonic dials, and <Ty cannot 
be changed arbitrarily. 
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19.3. The daily variation of declination at Huancayo in 
summer. The discussion in § 2 will now be illustrated with reference 
to S for the magnetic declination at Huancayo on 103 quiet days with 
international magnetic character-figure 0-0 or 0-1, between the dates 
November 11 and February 29, from the years 1925 to 1930 (near 
sunspot-maximum, average sunspot number 71). The four harmonic 
dials for the 24-, 12-, 8-, and 6-hourly waves in the solar daily variation 
S are plotted in Fig. 2. The seasonal change of S, slight in that interval, 
has been eliminated; the amphtude of the lunar daily variation L is 
also small, only about 8 per cent, of S. The dials therefore exhibit 
only the ‘fortuitous’ variability of S. The curious shape of the dials 
is chosen for economy of space. The probable-error ellipses are drawn 
and the ends of their axes are indicated by short lines. Numerical 
data relating to these dials are given in the following table. A change 
of 1' in D is equivalent to a magnetic force of 8'64y at right angles to 
the direction of H. The angle 6, giving the direction of the major axis 
of the ellipse, is indicated in Table 1 by the hour which a hne through 
the origin in the direction 6 would mark on the dial. 

Table 1. Harmonic analysis of the solar daily variation S of easterly 
declination D at Huancayo, Peru: its variability derived from 103 quiet 
days, southern summer, near sunspot-maximum. 


Frequency n = 

1 

2 

3 

4 

Period, hours 

24 

12 

8 

6 

The average daily variation 



Amplitude (y) 

IM 

10*0 

4*7 

1*5 

Phase 

260*3° 

102*6° 

283° 

180“ 

Local time of first maximum 

12-6h 

H-6>‘ 

3-7'‘ 


The variability 



Standard deviation M (y) 

6*4 

5*6 

3*5 

2*3 

Major axis (y) 

6-43 

4*92 

313 

2*10 

Minor axis (y) 

3*96 

4*37 

2*68 

1*69 

Direction of major axis 

12-3h 

10-2l‘ 

2-5^ 

4*8h 

Axis-ratio MJMi 

1*63 

1*13 

1*21 

1*24 

Batio cJM 

1*7 

1*8 

1*3 

0*7 


Considering the nearness of Huancayo to the magnetic equator, far 
from polar disturbances, and, further, the extreme magnetic quietness 
for which these 103 days have been selected, it is surprising to note the 
great variability as exhibited in the scattering on Fig. 2. The system 
of formulae used seems to fit this scattering; the probable-error ellipses 
fit the distribution fairly well. On counting the number of dots inside 
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Fia. 2. Harmonic dials for the 24-hourly, 12-hoiirly, 8-hourly, and 6-honrly sine waves 
in the daily variation of easterly magnetic decimation at Huancayo, Peru. The centre 
of each dial is ‘starred’, and the vector from the centre to any marked point on the 
dial indicates the amplitude, and the local time of the first maximum, of the sine wave. 
The 103 points on each dial refer to 103 individual very quiet days in southern summer. 
The letters mark individual days referred to on p. 676. The average vector is drawn, 

and the probable ellipse 
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and outside eack ellipse, they are found to diSev only slightly, so 
that the assumption of a Gaussian distribution seems to be adequate. 
Furthermore, we find agreement with the calculations at the end of 
§ 2, according to which, in 103 cases, no dot should be expected outside 
the ellipse with axes SJfa. 

The 24-hourly cloud has the largest axis-ratio. The direction of the 
major axis indicates that changes in the 24-hourly wave aflfect the 
amplitude more than the phase. The range of the amplitudes is at least 
as great as the mean amplitude. The other clouds have negligible 
ellipticities. The absolute scatter M diminishes with increasing fire- 
quency n, but relative to the average amplitude the fourth wave 
(6-hourly) has the greatest scatter. This is indicated by the ratios 
cJM in the last line of Table 1. 

Each of the 103 days is represented by a dot on each of the four 
diagrams. The strong interrelations between the diagrams are indi¬ 
cated in the following way. In the 24-hourly dial, the following days 
were selected as having the smallest amplitudes: (a) December 21,1926; 
(6) January 27, 1930; (c, d, e) February 21-3, 1927; (/) January 14, 
1928; (g) November 21, 1928. The following days were selected as 
having the largest amplitudes: (J.) January 27, 1929; (J5) December 19, 
1929; (0) February 3, 1929; {D) November 28, 1928; {E) February 11, 
1928; (F) November 18, 1929; and (G) January 3, 1927. In addition, 
two days were selected from the 12-hourly dial, namely, {H) February 
24,1928, and (J) January 9, 1927. These days are marked by the same 
letters on all the first three dials. Inspection of these dials indicates 
that days with small or large amplitudes in one wave can be expected 
to have correspondingly small or large amphtudes in the other waves. 
A good example of the interdependence of the ranges on successive days, 
as found by Chapman and Stagg (see 7.8), is furnished by the three 
successive days (c), (d), and (e) with small amplitudes. That the inter¬ 
relation between the dials is not restricted to amphtudes is shown by 
the day (F), on which the maxima of aU three waves occur more than 
one hour later than normal, and by the day (i?), on which they occur 
earher than normal. Such outstanding anomaUes of the daily variation 
can of course readily be recognized in the original records, or in the 
hourly means. 

19.4 The daily variation of horizontal intensity at Watheroo. 
Fig. 3 shows the harmonic dial for the 24-hourly sine wave in £f at 
Watheroo, on 171 very quiet days in southern summer near sunspot- 
maximum, The average wave has an amplitude of 4-6 y only, with 



(676) 


Chap. XIX 



0 5 to 15 y 

(^ca/e o/" amp//hide^ 


Fig. 3. Harmonic dial for the 24-honrly sine wave in the daily variation of 
horizontal magnetic intensity at Watheroo, West Australia. The points 
refer to 171 individual very quiet days in southern summer 
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the maximum at about 5K The axis-ratio M^/M^ is very high (1*70). The 
maximum scattering is along the direction at right angles to the mean 
direction (ci), so that the phase-changes are more important than the 
changes in amplitude. 

At equatorial stations the maximum of the 24-hourly wave in H 
occurs at about noon, whereas at extra-tropical stations in latitudes 
higher than 45® it occurs at about midnight. Watheroo is near the 
average latitude at which the phase-shift occurs; that is, the focus of the 
main current-vortex in the overhead current-systems (Fig. 7.16) passes 
over Watheroo. On those days which are represented by dots in the 
upper half of the harmonic dial, Watheroo was an extra-tropical station, 
that is, the focus must have passed between Watheroo and the equator; 
whereas on the days whose dots are in the lower half, the focus passed 
between Watheroo and the south pole. This is the same phenomenon 
that was discussed later by Hasegawa (7.9) with respect to the northern 
circuit. 

19.5, Simultaneous changes of S in different magnetic elements 
at the same station. In § 3 it was shown that in S for D at Huancayo 
the harmonic components of different frequency tend to show similar 
divergences from their respective mean values, so that if one is larger 
(or smaller) than the average, so also are the others. In the present 
section we consider an analogous question, in relation to one particular 
component of S at Watheroo, namely the 24-hourly component S^, on 
173 very quiet days in the southern summer near sunspot-maximum: 
namely, whether in different magnetic elements this same component 
tends to show similar divergences from its respective mean values. 

For this purpose we consider the elements Y and Z. Fig. 4 a shows 
the harmonic dial for the component in Z; a similar dial (not repro¬ 
duced here) was made for Y. Fig. 5 shows the average daily variation, 
and its 24-hourly wave, for the days considered. 

On the dial for Z four regions A, B, 0, and D were selected; the regions 
A and B are indicated in Fig. 4 6 by shading, and likewise for the regions 
C and D, in Fig. 4c; the A region includes the points far from the 
origin (days of large amplitude) and the B region the points near the 
origin. The centre of the points in each region is shown by a cross. 
Similarly the C and D regions include the points (corresponding to not 
too small amplitudes) for days on which the maximum occurs more than 
half an hour later (0) or earlier (D) than the average. 

The points from the Y dial, for the days thus selected, are plotted in 
Fig. 4d! for the A and B days, and Fig. 4e for the C and D days; the 
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points for the A and 0 days are indicated by crosses, and those for the 
B and D days by circles. The mean positions are indicated, in like 


manner, by a heavier cross or circle, 
that in the Y dial also, the points for 
A days are far from the origin, and those 
for B days are near to it. Similarly the 
mean time of maximum for the 24- 
hourly wave in 7 is more than an hour 
later for the C than for the D days. 

These results suggest considerable 
changes of intensity, as well as of phase 
(or position relative to the noon meri¬ 
dian), in the current-systems of Figs. 
7.16 and 7.16. 

19.6. Quasi-persistence in S on 
successive days. If the solar daily 
variation S on an individual quiet day 
diverges from the average (e.g. an earlier 
maximum or a larger amplitude), this 
feature is likely to appear also in the 
quiet days shortly before and after that 
day. In other words, if (symbolically) 
AS is the difference between the indi¬ 
vidual S (corrected for L) and the average 
S for the particular season and sunspot 
number, AS exhibits quasi-persistence 
as defined in 16.30. This has been 
shown by Chapman and Stagg [7.20] as 
regards the ranges. For Batavia declina- 


These diagrams show clearly 



Fig. 5. The average daily varia¬ 
tions, and the average 24-ho\irly 
waves, for the components and 
days concerned in Fig. 4 


tion, southern summer, Schneider [4] found that the average AS, in the 
24- and 12-hourly waves, was nearly half as big as the average S, and 
the parameter ^(B), as defined by 16 (96), is of the order 2 to 3. This 


means a serious reduction of the equivalent number of independent 
days available (16.36). 


19.7. S and L in Huancayo H. The results of the analysis described 
in 8.16 are given in the harmonic dials of Fig. 6, They are dials in 
solar time for S+L. The six corners of each hexagon are the average 
dial points for six selected groups of days, namely, groups of days on 
which the moon culminates (within two hours) at the same solar time. 
No distinction is made between upper and lower transit of the moon, 

3696.30X1 rn 
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SO that the days of new moon, when the upper transit occurs at (or 
near) 12 o’clock (solar time) are grouped with those of full moon, 
when the lower transit occurs at or near this time. The days are con¬ 
veniently grouped according to the value of Schmidt’s parameter /x, 
which (cf, 8,8 and 5.2) is 24—v, where v is the age of the moon in lunar 
hours. The six groups of days are those for which /x has the values {a) 0, 
1, 12, or 13 (corresponding to lunar transit between 10-6 and 12*5 solar 
time—^that is, days near new or full moon), (b) 2, 3, 14, or 15, and so 
on. New or full moon is marked by a short gap in the hexagon near the 
dial point for the group (a); going round the hexagon in the anti-clock¬ 
wise direction, we come to the points for the days of groups (a), (6),.... 

The phase law of change for each component of L,, in the form 8 (8), 
asserts that its phase-angles regress by 477 in the course of a month. 
The centre of the six dial points of each hexagon is the dial point for 
the S component, and the vector from this centre to any point of the 
hexagon represents the L component at the corresponding age of the 
moon. This vector turns clockwise, through two right angles, as 
expected, in the course of the month. The vector for L at new or full 
moon is that drawn towards the gap in the hexagon. 

The main conclusions to be drawn from Tables 8.8 (p. 264) and 8.9 
(p. 266) and Figs. 6-8 are (with reference to H at Huancayo): 

Seasons. The phases of both S and L do not change much with season; 
for S3L they lie between 11-1 and 11-5^ and for between 11-0 and 11*7^; 
for they lie between 5 and 9^, and for Lg between 8 and 10^. But 
there is a marked difference between S and L with respect to the change 
with season: whereas the amplitudes and s^ are about equal at the 
two solstices, and Zg decrease in the ratio 3:1 from the December to 
the June solstice. 

Sunspots. S is more affected by the increase in sunspot number 
than L; the ratio of the two values of Si found for the groups of days 
with respectively few and many sunspots (designated min. and max. 
in Fig. 7) is 1:1-50; for it is 1:1-29. (Furthermore, the maxima of the 
24- and 12-hourly S waves occur definitely later in high sunspot years.) 
The corresponding ratios for Z^ and Zg are only 1:1-09 and 1:1-12. 

Disturbance. It was to be expected, from former studies, that the 
influence of magnetic activity on S and L at Huancayo would not be 
great. Nevertheless it is astonishing how small it is found to be for 
the 12-hourly wave Sg. In the 24-hourly wave the influence of 
disturbance is greater; it adds a solar 24-hourly wave of 7-1 y amplitude, 
with maximum about 6^, as might be expected (9.3). 
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Figs. 6-8. Harmonic dials, relative to solar time, for the combined solar and lunar 
waves in the daily variation of the horizontal magnetic intensity at Huancayo; 
24-hourly sine waves above, 12-hourly sine waves below. They show, in each case, 
the dial-points for the two main sine waves, for 6 phases of the moon, with the end¬ 
points of the 6 vootors connected to form hexagons. There is a gap in one of the 
sides corresponding to new or full moon (ii = 0 or 12). From day to day the vector 
varies so that, within half a month, the hexagon is described, clockwise. Fig. 6. 
Mean results for the throe seasons DS = December solstice, Equinoxes and JS = 
June solstice. Fig. 7. Mean results (for the December solstice only) for sunspot- 
minimum and sunspot-maximum (the mean relative sunspot-numbers in the two 
groups were 8 and 72). Fig. 8. The influence in the December solstice, of th(i 
magnetic activity, contrasting the results for quiet and for disturbed days, selected 
as having international character-figures between 0-0 and 1-1, and between 1*2 

and 2-0 

19.8. S and L on individual days (for H at Huancayo). Figs. 8.8 
nTi(^ 8.9 in 8.16 had already indicated that the large L in the December 
solstice interferes with S so as to be distinguishable by mere inspection 
of the records for a few days selected at opposite phases of the moon. 
The same fact is brought out in Fig. 9 for the 12-hourly harmonic dials, 
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Fig. 9. Harmonic dials for the solar 12-hourly sine waves in the daily variation of the 
horizontal magnetic intensity at Huancayo, for individual days with spotless sun, at 
various phases of the moon, showing the influence of L in S-|-L. The upper dials show 
the results for days at the two lunar phases /a = 0 or /x = 12, i.e. at full or new moon, 
and at /* = 6 or /X =5 18, i.e. at the moon’s quarters; these dials illustrate the greatest 
difference in the tim^ of occurrence of the maximum of the combined solar and lunar 
wave. The lower dials compare the days at the two phases /x = 2 or jit == 14, and /x = 8 
or /X = 20, which show the greatest difference between the amplitudes of the combined 
solar and lunar wave. December solstice 

for the December solstice. The result here is perhaps even more strik¬ 
ing, because it is based immediately on the observed data. Fig. 9 was 
constructed as follows. 

From Fig. 7 the following pairs of corners of the hexagon were 
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selected as showing the biggest changes: (i) as regards the occurrence 
of the maximum of Sg+Lg, the corners marked 0 and 6, which 
correspond (roughly) to new and full moon, and to the moon’s 
quarters; (ii) as regards the amplitude of Sg+Lg, the corners marked 
2 and 8. 

For the four sets of days which contributed to these four dial points, 
four new harmonic dials were constructed. In each case the dial con¬ 
tained the points representing the 12-hourly wave on the individual 
days, but not for all the days in each set—only for the days on which 
the daily sunspot number s (p. 176) was zero. The centre of the cloud of 
points on each dial corresponds (approximately) with the position of 
the corresponding average dial point in Fig. 7. The probable-error circle 
for each cloud is indicated. The influence of L is strikingly shown in 
the phase-shift (by 1*1^) between the two upper dials, and the increase 
in amphtude (from 13 to 28 y) between the two lower dials. 

It may be mentioned that the influence of the sunspot numbers a* 
on the solar daily variation S has always hitherto been studied by 
taking, at least, monthly means. Here daily figures of s have been 
used for the first time, and it remains to be seen whether actually the 
daily values of s affect S, or whether only the general state of solar 
activity (expressed, perhaps, by monthly or annual means of s) is 
significant, as in the case of the relations between s and geomagnetic 
activity. Good material for such a study is available in the days of the 
June solstice at Huancayo, because L is then so small that any change 
in S-f-L may be ascribed to S alone. 

Finally, the radii of the probable-error circles in Fig. 9 for single days 
may be used to estimate the uncertainty in the positions of the averaged 
dial-points at the corners of the hexagons in the S-fL dials. The 
probable-error radius in Fig. 9 is roughly 10 y. Allowing for quasi¬ 
persistence as high as O' == 3, the probable-error radius for the averaged 
dial-point from N days, by 16.30, would be 10/^(iV/3) y. For each 
corner in the hexagons in the lower left dial of Fig. 7 A" is about 210, 
so that the radius wiU be l-2y. This is enough to explain the slight 
deformations of the hexagons, as due to the limited number of days, 
especially in the case of the dials for the 'disturbed days’, where the 
probable-error radius for each comer is estimated as nearly 4y. For 
the average S and L, from (i^T =) 1,260 days, the radius of the probable- 
error circle will be less than 0-6 y. 
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XX 

THE SPHERICAL HARMONIC ANALYSIS OE THE 
MAGNETIC VARIATIONS 

20.1. Introduction. In Chapter XVII a description has been given 
of the Gaussian method of representing the earth’s magnetic field by 
means of a potential expressed as a series of spherical harmonic func¬ 
tions. The method indicates that nearly the whole field is represented 
by a single harmonic term, and that this part of the field has its source 
below the earth’s surface. On the other hand Bartels has shown that 
the spherical harmonic representation is not well adapted for the 
secular variation field (1902-20), since the series of terms required does 
not converge at all rapidly. 

After the analysis of the main field by Gauss the first important new 
appUcation of his method to terrestrial magnetic research was made by 
Schuster [1] (1887), who analysed the field S of the solar daily variation. 
He was able to represent it approximately by a few principal harmonic 
terms. The expression indicated that the field is mainly of external 
origin, though there is also an internal part; the ratio of the correspond¬ 
ing parts of the potential at the earth’s surface was estimated by 
Schuster to be about 4. 

Somewhat similar analyses of S have since been made by Fritsche 
[2], Walker [3], van Bemmelen [4], van Vleuten [6] (criticized by 
Schmidt [6]), and Chapman [7]. van Bemmelen and Chapman also 
analysed the field L of the lunar daily magnetic variation. The work of 
his predecessors was summarized and critically reviewed by Chapman, 
whose analysis, which wiU be described here in detail, was more detailed 
than the earlier analyses, and was also based on a larger amount of 
modern data, all for the same periods of time. The results will be com¬ 
pared with those of the other investigations. 

20.2. General expression for the potential of a daily variation. 
The general expression for a potential function expanded in a series of 
spherical harmonic terms has already been given in 18.1 (1) and (2), viz. 



where B denotes the earth’s radius, and 

— 2 cosmX-i-^“sinmA}P^(cos0), 
m=o 


(2) 
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■with affix e or i added to T, g, and A; A denotes the longitude measured 
eastwards &om Greenwich. 

The coefficients g and h discussed in Chapter XVIII were constant, 
apart from the slow secular variation; in the case of S and L they are 
periodic functions of the time; they must therefore be expressible in 
the form of Fourier series, consisting of terms which are constant 
multiples of cosai' or sin si', where s is any positive integer (the terms 
s = 0 vanish because S and L are expressed as de-riations from the 
daily mean); t' denotes Greenwich time reckoned in angular measure 
at the rate of 360° per solar day (or per lunar day in the case of L), 
from the epoch of lower transit at Greenwich. This implies that 
must be expressible in the form 


Tn=% 2 {(Co St'-irgnib ““ 

m »=0 

+(A.^^ cossi'+A^ smsi')sinmA}P”‘(co8 d). (3) 

It is convenient to transform this in ■terms of local (solar or lunar) 
time by writing * = A+i', or i'= <-A, (4) 

and expressing coast' and sin si' in the forms 

cos si cos sA+sin si sin sA 
and sin si cos sA—cos si sin sA. 


Collecting the terms in cos si and sin si we have 

2^1 = 2 i [{3>SI’o*cos(m+s)A+3“-*sin(m+s)A+ 
m»»o 

+Co cos(m—s)A+s^^ sm(wi—s)A}cos st+ 

+{jP^ cos(m+s)A-l-s®^®sin(m+s)A+ 

oos(m— s)A+s| 5*;6® sin(w—s)A}sin si]P^(co8 8). 


( 6 ) 


20.3. The assumption of no dependence on longitude. It has 
been seen in Chapter VII that S varies with the local time (i == A4-i')> 
but to a first approximation is not otherwise dependent on A; there is 
little positive e'vidence for the same assumption regarding L, but the 
only analyses of L yet made have been based on the hypothesis that 
for L as well as for S, stations at equal latitude have equal daily varia¬ 
tions; this is only approximately true. This hypothesis, wffioh we 
adopt here, implies that A vanishes from the last expression (except so 
far as it is involved in *); hence (unless the whole term is zero), all 
the coefficients p, q, r, and s are zero, except and in which 
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m = s; these symbols mil be simplified to the form Conse¬ 

quently (slightly changing the notation) we may write 

2k = i) {^a cos sin m<}P®(cos d), (6) 

m=0 

or (with a slight further change) 

m=0 ^ 

1071+2 \ 

= ^+22 

71=1 7n,=o ^ 

- Cf+ i i F"*. (7) 

71 = 1 77l*=0 

The part depending on is continuous, and satisfies Laplace’s equation 
within the sphere r = iZ; its source is therefore outside the earth. The 
part depending on l/r™+^ similarly arises from within the earth. The 
letters e and i are chosen to indicate the respectively external and 
internal origins of the corresponding* parts of the potential, as in 18.1. 

A term F^ in the potential leads to the following terms in X,Y, Z 
at the surface of the earth (r = J?): 
in X (north): 

^ = {(eS:a+<Joosmf-f (e™t-Fi“6)sinm0^2; (8) 

in Y (east): 

^ ^ {(ej;ja+<a)sinm<-(e«i,-f-i™6)cosm«}-^£-^P”* (9) 

(because, at a given instant of Greenwich time t', A = t—t', so that 
0/aA = djdt ); 
in Z (downwards): 

^ = {(we^a—»+l<a)°os™’^+ 

These-may be written in the form (using Schmidt’s notation 17 (68)) 

(a™cosm«+6^sinmi)X“(0) = C^X^GOsimt+o^), ( 11 ) 

(—6^cosm«-t-a^sin«rf)r^(0) = C*r^sin(mf-fa3J*), (12) 

(a^ cos wf-l-b^ sin tM)P^{6), (13) 
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where < = K == n{e^,b+i^,b), (14) 

< = ’»<a-(»+lXa. = »l<6-(»+l)<6, (15) 

and = = a«) 

The Fourier series for the solar daily variation in X, at a station at 
north polar distance 0, is consequently 

2 (( 2 ^w)cosm/+( 2 b'^X'^\mimt\ 

m=al''n=’m * ^n=7rt • • 

00 

= 2 (a;moC0S«i«+a;^;,sinm«), (17) 

m=l 

and similarly for Y and Z. The functions P^, X^, Y^ are known func¬ 
tions of 6. The process of harmonic analysis simply consists of findin g 
coefficients a^, b^, a™, to fit the Fourier coefficients x^, x^, y^, 
ymbi ^ma> ^mb determined from observations of the solar (or lunar) 
daily variation of X, Y, Z at & sufficient number of stations in different 
latitudes ff. It is clear that a^, b^ depend-on Z only, and a™, 6™ depend 
on X and Y only; a^, can be found from the coefficients x,^, x^ 
alone, or from y^, y^ alone, and if determined from either set they 
should lead to the correct values of the other set; if they do not, it is 
an indication that the field S (or L) is not wholly derived from a poten¬ 
tial of the given form. Either the field does not depend only on 6 and t, 
in which case further terms depending on A must be added, as in (6), 
or part of the field does not possess a potential, and must therefore be 
due to electric currents passing from the earth to the air or vice versa. 

In the various analyses which have been made, where only a few 
harmonic terms have been considered, it has been found that the 
observed values of x^, x^ for X do not agree very closely with the values 
calcviated from (11), using the coefficients a^, b^ derived from the 
observed values of y^, y^^. Different explanations of this have been 
given: Walker supposed it to be due to the omission of terms in V 
depending explicitly on A, i.e. not only on the local time; but Chapman 
found that this explanation would not account for the greater part of 
the differences, van Vleuten concluded that the differences indicated 
the existence of a part of the S field not derived from a potential; 
Schmidt [6], however, showed that this conclusion was not warranted 
by the evidence. An alternative and more likely reason for the discre¬ 
pancies is to be found in the limitation of the harmonic formula to a 
few terms; even if the field is completely derivable from a quite simple 

3SKMU IT 
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‘smooth’ potential function V, this may require a large number of 
slowly diminishing harmonic terms (perhaps of alternating signs) for its 
expression, and if only a few terms are taken, these being chosen to 
correspond best with Y or {dVldX)IB sin 6, the expression may show 
systematic residuals when dVjB 86 is compared with X. In addition, 
the field certainly depends to some extent on A; and although the corre¬ 
sponding terms in V seemed at first likely to be of relatively small 
magnitude, compared with the terms in the main part of V which 
depends only on the local time t, the observations at Huancayo (7.10) 
have shown that S and L depend on A to a rather high degree, near the 
equator. 

When a^, 6™, a^, b“ have been found for 7, or for X and 7, and for 
Z, the equations (14) and (15) lead to the values of e^, and 
which indicate the external and internal parts of the field. 

20.4. Chapman’s analysis of S. In Chapman’s analysis of S the 
Fourier coefficients of the aU-day solar daily variations of X, 7, and Z 
were used as far as the fourth harmonic components (m = 4); use was 
made of data from 21 observatories, 16 northern and 6 southern, lying 
in widely different longitudes, between latitudes -1-60® and —60®; the 
observatory at Huancayo, however, had not yet been started then. 
The data were derived from four quarters of each of two years, 1902 
(simspot-minimum) and 1906 (sunspot-maximum); the four quarters 
were February-April (March equinox), May-July (N. solstice), August- 
October (September equinox), and November-January (S. solstice). 
The data showed a considerable degree of regularity and constancy of 
type; for example, the 1902 and 1906 values were closely similar, except 
for the increased amplitude in the later year; they depended mainly 
on local time, and relatively little on the longitude; they were nearly 
symmetrical (or in certain cases anti-symmetrical) with respect to the 
equatorial plane. These features appeared almost as much in the terms 
of higher frequency (m = 3,4) as of lower (m = 1,2). There were, 
however, some irregularities, persisting at each station from year to 
year; on this account the data from the 21 stations were combined into 
9 group means, 6 northern and 3 southern. 

The data for the two equinoctial quarters differed from one another 
much less than those for the two solstitial quarters, and the mean of 
the two former was taken as representing the main part of the pheno¬ 
menon at the equinoxes. The solstitial data were combined into sol¬ 
stitial mean values and solstitial semi-differences, i.e. the set of means 
of the summer and winter values of each Fourier coefficient at each 
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station was separately analysed, and likewise the set of semi-differences, 
for {N solstice—;S solstice). The complete analysis of the field at either 
solstice is, of course, obtainable by adding or subtracting the two sets 
of harmonic terms thus derived. The mean solstitial data closely 
resembled the mean equinoctial data, their potential being approxi¬ 
mately symmetrical relative to the equatorial plane. The solstitial 
semi-differences, representing the seasonal variation, were approxi¬ 
mately antisymmetrical relative to this plane. 

It was found that each of the periodic components in the mean 
equinoctial and mean solstitial sets of data could be approximately 
represented by a single harmonic term, of type P^+i, while in the sol¬ 
stitial semi-difference set of data each periodic component required two 
harmonic functions, and for its expression. In some of the 

other analyses which have been made the higher periodic components 
(m = 3,4) were not considered, while sometimes more terms were 
included for the components m = 1, 2; but so far as the investigations 
are comparable, the principal harmonic terms were in all cases the 
same. 

Table 1, in which c and $ denote cos 6 and sin 6, gives the formulae 
for P^, and Tjf, or rather (cf. 17 (20)) for and the 

ratio P^-.Pnm = == « {2{n—m)!/(n4-m)!P; the upper 

part of the Table gives the numerical value of this ratio for the various 
values of n and m here considered: 


Table 1. RaJtios 



n = 7n 

n = m-hi 

n = m-\-2 

m = 1 

1 

1/V3 

1/V6 

2 

1/2V3 

1/2V16 

1/6V6 

3 

1/8V10 

1/6V70 

1/12V70 

4 

J/24V36 

1/72 V35 

1/360V7 


FoTinul(l6 for ^n,m‘ 


Pn - « 

^ ^ftC 

Pj, = 3** 

» 16^*0 

P., = W’c®-!) 

« 16s* 

= 106s*c 

P„ - A.jM(9o*-l) 

/'m = 106s‘ 

P,. = 946«*c 


Xii — 0 

X,i = t(2c*-1) 

^51 = |c(16o»-U) 
■ICjj 3so 
X,, = 5«(3c*-l) 
X., = J^sc(7o«-4) 
X„ = 16«»c 

= lJ5s«(4o»-l) 

Xu = 106s»c 
Xu = 189s*(6c«-l) 


Yn = h 
Yn = i(5o«-l) 

^32 “ 3s 

Vjj = lOso 
Yu = V«(7o*-l) 

Ka = 16s* 

Yu = 

•= \*i«“(9c»-l) 
Yu = 106s* 

Yu = 756s»o 

Yu = 316s»{llc*-l) 
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The values of a“, 6™, a«, determined by Chapman from Y and Z 
respectively are as follows: 

Table 2. Coefficients of spherical harmonic terms for the S field. 
{Unit offeree ly.) 


1905 {mnspot-maximum) 


1902 (aunspot-minimum) 


From Y 


From Z 


From Y 


From Z 


These coefadents are not the same as those given in the original paper 
because in this book Schmidt’s spherical harmonic functions are used, 
namely instead of (17.4), and also the time-origin used here is 
midnjght instead of noon. 

20.5. Comparison, with other analyses. Those results lor a„ 
and derived from horizontal-force data alone, can most conveniently 

be compared with the results obtained by previous writers by trans¬ 
forming them into the corresponding values of C^, (11,12). In the 

following table the ‘annual terms’ correspond to the mean of the 
solstitial and equinoctial mean values; the seasonal terms in Schuster s 
and Fritsohe’s analyses are derived by considering half-years centred 
at the solstices, and not quarter-years, as here; on this account, other 
things being equal, Chapman’s seasonal values should be the greater. 
It is to be borne in mind that the year 1870, to which Schuster s data 
refer, was one of exceptionally high sunspottedness. (The annual mean 
relative sunspot number was 139 for 1870, and only 64 for 1906.) 
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Table 3. Com^parism of different spherical harmonic analyses 

of the S field. 



The analyses by Walker and van Bemmelen contain the following 
results which may be compared with the above: 

Walker: Cl = 19-1 aj = 26° 

(7§ = 10-0 a| = 203° 

van Bemmelen: = 10-0 a| = 206° 

Considering the differences between the material, period, and methods 
of analysis, it appears that there is very fair agreement as to the poten¬ 
tial coefficients derived from the horizontal force data. The results 
obtained from the vortical force agree together less weU, and herein 
lies the main reason for the different conclusions drawn by various 
writers as to the relation between the inner and outer parts of the field. 

20.6. Separation of internal and external terms. The formulae 
(14) and (16) indicate that 

_ {n+l)a^+ne^ <-a™ 

'M^i) ’ "" M+1' 

and similarly for e^, i^. Using the results in Table 2, the values of 
and eJJ’ given in Table 4 were obtained, and also (Table 6) the ratios 
CAn of the surface amplitudes of the external and internal terms in the 
potential, and the corresponding phase differences e™—t™. 

20.7. Analyses of the L field. The L field has twice been analysed, 
first by van Bemmelen [4], and secondly by Chapman [7], The former 
considered the second (12-hourly) harmonic component alone, as his 
paper was written prior to Chapman’s investigation of the other 
components (8.6), 
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Table 4. Spherical harmonic amplitudes and phases for the external part 
of the S field. {Unit 1 yfor e^.) 


m 

Mean equiTiox 

Mean solstices 

Solstitial inequality 

1905 

1902 

1905 

1902 

Mean oj 1902 and 1905 



ptn, 

jm 


^1 

<+i 

C+i 

ffln, 


^Tn+2 

^+2 

1 

7-7 

24° 

5-4 

30° 

71 

22° 

5-0 

30° 

3-2 

23° 

1-8 

341° 

2 

44 

202° 

3*3 

210° 

3*9 

200° 

2-9 

207° 

1*8 

241° 

0-7 

197° 

3 

2-2 

35° 

1*8 

44° 

1-7 

35° 

1-2 

42° 

0-9 

87° 

0-2 

220° 

4 

0-7 

232° 

0-6 

235° 

04 

222° 

0-3 

234° 

04 

2° 

0-9 

84° 


Table 5. AmpUtvde radios e^Ji'^ and phase differences for the 

external and internal parts of the S fidd. 



Amplitude ratios 

Phase differences 


Mean 

Mean 

Solstitial 

Mean 

Mean 

Solstitial 


equinox 

solstice 

inequality. 

equinox 

solstice 

mequality. 


1905 

1902 

1905 

1902 

Mean of 
1902 and 

1905 

1902 

1905 

1902 

Mean of 
1902 and 






ms. 





1905. 

m 

n — 

m-\-\ 

n = 1 

n = m 

n = 

1 

n = ' 

Wh4-1 

w = m 

1 

2-9 

2-7 

2-8 

3-0 

2-5 

-5° 

-23° 

-3° 

-20° 

-7° 

2 

2*4 

2-0 

2-3 

2-2 

2-3 

-18° 

-17° 

-19° 

-18° 

-8° 

3 

24 

2*5 

2-7 

24 

20 

—21° 

-21° 

-20° 

-21“ 

-32° 

4 

2-2 

2-9 

2-3 

3-2 

1*7 

-23° 

-30° 

-15° 

-24° 

-30° 

Mean 

2-5 

2-5 

2-6 

2-7 

21 

1 

1—1 

o 

o 

1 

-14° 

— 21° 

-19° 


van Benunelen used values of a^ and for X, Y, Z from fifteen 
stations, ranging in latitude from 60” U. to 45® S. The material was 
somewhat heterogeneous; it related to different epochs, but since L 
does not vary much in the course of the sunspot cycle this is less impor¬ 
tant than in the case of S; the data were also derived from periods of 
very unequal length and in different ways, so that they were not of 
uniform value. A careful attempt was made, however, to reduce them 
to a common standard, particularly as regards the inclusion of disturbed 
days, which, as has been seen, is of importance. New reductions wore 
made for Pavlovsk (1890-1900), Pola (1899-1906), Zikawei (1890-1900), 
and Manila (1896-1903). The potential coefficients a\, &%, b^ were 

derived for the annual mean variation (alone); in his original paper 
van Bemmelen concluded from these that the main part of the L field 
was of internal origin. In a correcting paper (1913) this statement was 
revised, on account partly of certain numerical errors in the first paper, 
and also because too much weight had been assigned to early data from 
Capetown, Melbourne, and Hobarton in the S. hemisphere, extending 
over a relatively short period of years. 
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Cliapinaii’s analysis was based on data from five stations only, 
Pavlovsk, Pola, Zikawei, Manila, and Batavia; new reductions were 
made for all these stations, as previous investigators had not deter¬ 
mined the non-semi-diurnal components, which it was desired to include 
in the work. It was of value, however, to he able to compare the data 
for the second periodic component with those obtained by van Bem- 
melen, so far as the different subdivisions of the material rendered this 
possible; the comparison was on the whole satisfactory. Chapman’s 
reductions for the five stations were made for all three elements D, H , 
and afterwards transformed to X, F, and Z\ in each case observa¬ 
tions for seven quiet years were used, viz. 1897“1903 (except for Bata¬ 
via, for which the corresponding years 1888-90 of the previous sunspot 
cycle were taken in place of the years 1899-1901, during which the 
observatory was being reorganized). All days were used except the 
most disturbed, numbering about 2 per cent. The results were combined 
into three seasonal groups, as in 6 . 1 . The analysis was made in the 
same way as for S, on the assumption that the equinoctial and mean 
solstitial fields are symmetrical, and that the solstitial-difference field 
is antisymmetrical with respect to the equatorial plane. Only the 
principal harmonic terms were considered, viz. those for which n = 1 

(in the case of the equinoxes and solstitial means) and n = m (for the 
solstitial differences). The accidental error of the results is naturally 
greater than in the case of S, because fewer stations were considered, 
and because of the smaller intensity of L. The potential expression 
obtained from Y agreed surprisingly well with the Y data, and fairly 
well with the X data; the agreement between the Z data and the 
potential expression derived from them was less satisfactory. On the 
whole, the equinoctial and mean solstitial results resemble those for S, 
except as regards absolute magnitude, and a phase difference (L—S) of 
about 70°; thus they indicate a general similarity of distribution for 
the L and S fields in the middle belt of the earth. The results are given 
in the following tables. 


Table 6. Spherical harmonic coefficients Jor the L field» 
{Unit I 7 .) 



Mean solstice I 

Bquinox \ 

4(^—6’) solstice 

m 

From X 1 

FrcmZ 

From y 1 

FromZ ] 

From y 

Fro^ 

n Z 

-0*06 
+ 0*19 
-0*19 
+ 0.08 


C+i 

^^7(1 ’+'1 

i>”+i 

^+1 


I 

! 

< 

_*“L. 

+ 0*21 
- 0*21 
+ 0*08 
+ 0»01 

1 

2 

3 

4 

-0-80 

+■0-09 

-0^82 

+•0-28 

-0-99 

-0-84 

+0-28 

+0*09 

-0-46 

0-00 

+0*02 

-0-40 
+ 0-88 
-0-40 
+0-20 

-o-ox 
-0-16 
+ 0-06 
+ 0-19 

-1-08 ^ 
+ 2-09 
-1-18 
+ 0-68 

+ 0*30 
-0*63 
+ 0-18 
-0*04 

-0-16 
+ 0*12 
-0*46 
+ 0*22 

+ 0-09 ' 
-0-23 
-0-18 
+ 0-05 

+ 0*57 
+ 1*54 
-0*98 
+ 0*18 
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Table 7. Spherical harmonic amplitudes and phases for the external part 
of the L field. {Unit I y.) 



Mean solstice 

Equinox 

solstice 

m 




^S+i 


‘S 

1 

0*39 

lOV 

0*36 

81° 

0*42 1 

72° 

2 

0*38 

263° 

0-42 

253° 

O-Cl 

257“ 

3 

017 

loe*" 

0*22 

83° 

0*21 

94° 

4 

0-05 

301° 

0*09 

280° 

0-02 

o 

o 


It may be noted that van Bemmelen’s (corrected) results for e| and 
e§ were (in the present notation) 0-34 and 254° for the mean of the year; 
these are to he compared with 0-38 and 263° for the mean solstice, or 
0-42 and 253° for the equinox, in the above table. 


Table 8. Amplitude ratios and phase differences for the external 
and internal parts of the L field. 



Amplitude ratioSy 

I*hase di^fferenceSy 


Mean 


m-s) 

Mean 


4(N~«) 

m 

solstice 

Equinox 

solstice 

solstiee 

Equinox 

solstice 

1 

2°8 

1-9 

2*4 

-23° 

-29° 

-31° 

2 

1-8 

1-5 

1-9 

— 29° 

-29° 

-6° 

3 

2-7 

2-7 

1-9 

-19° 

-14° 

—12° 

4 

2-7 

2-0 

2*8 

-52° i 

-17° 

+ 17° 


van Bemmelen’s results for e|/i| and e|—4 are 1-26 and —15°; these 
are to be compared with 1-8 or 1 - 6 , and —29°, in the above table. 

20.8. The similarity of S and L. The ‘external: intornar amplitude 
ratios and phase differences obtained from the various harmonic terms 
in S (Table 6 ) are independent of one another, and likewise for L 
(Table 8 ). Though some of the differences between them may bo real, 
they do not exceed the probable limits of error; in considering the 
weight to be attached to the various determinations, regard should be 
had to the amplitudes of the corresponding terms in Tables 2 and C, 
or to the values of in Tables 4 and 7. It would appear that, for all 
the harmonics considered, the value of is about 2-4 in the case of 
S, and 2-3 in the case of L, and that the corresponding values of 
are —19° and — 21 °. There seems to be no reason for doubting the 
substantial similarity of the S and L fields in respect of the relation 
between tbeir external and internal parts. 

The analysis also shows that the intensity of the S field is about ten 
times that of the average L field, but that in the former the first periodic 
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component has a larger coefficient than the second, wJiereas in L the 
second harmonic has the greater coefficient. The seasonal inequality, 
relative to the equinoctial average, is much larger in L than in S. 

From the data given in Tables 4 and 7 Bartels constructed the 
diagrams. Tigs. 7.15-16, for the equivalent external current-systems 
for S and L, using the formulae (7) and 17 (83), and assuming a height 
of 100 km. above the earth’s surface for the current layer; the diagrams 
would be very little altered if the height were assumed to be 200 or 
300 instead of 100 km. The equivalent internal current-systems have 
not been computed, but from 17 (84) and Tables 6 and 8 they may be 
pictured as carrying about half the current intensities of the external 
current-systems, with the circulation in each vortex reversed; the 
centres of the internal current-circuits lie about IS” to the east of those 
of the external currents. 

The S current-system may also be illustrated by Figs. 1, 2, which 
show the currents of Figs. 16 and 16 of Chapter VII on another pro¬ 
jection, namely on an equal-area projection; Figs. 1 and 2 refer to the 
currents over the day and night hemispheres respectively. 

No attempt has yet been made to apply the unabridged formula (6) 
to the observations of S, allowing for the changes of S with longitude 
of which Huancayo provides so striking an example. Only approximate 
determinations have been made (§§ 9 and 10). For an extensive spherical 
harmonic analysis, Schmidt’s method [17.11] seems suitable. 

20.9. McNish’s analysis. The large solar daily variation of H 
at Huancayo (7.10) led McNish [8] to make a new spherical harmonic 
analysis of the S field, in which the data for Huancayo were combined 
with data from four other American stations (Agincourt, Cheltenham, 
Vieques, and Pilar, between 64° and 80° W. longitude). Data for the 
twenty international quiet days of the equinox March, April, September, 
October 1923 were used. These data, on spherical harmonic analysis, 
give an asymmetric daily current-distribution, with total current-flows, 
for the day-circuits, of about 72,000 amperes north, and 166,000 amperes 
south, of the equator; whereas Chapman’s analysis for sunspot- 
minimum gave two symmetrical circuits of 62,000 amperes each. 

The daily variation of the vertical component Z at the equinoxes, 
for stations lying along any meridian, changes sign at or near the 
equator. Huancayo was situated slightly south of the magnetic equator 
(where Z = 0) in 1922, but owing to the secular variation the magnetic 
equator has moved southward, so that in 1936 the magnetic inclination 
at Huancayo was 2° 11', corresponding to a station in the northern 
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hemispliere. McNish has pointed out that with this change of situation 
relative to the magnetic equator, the characteristics of the daily varia¬ 
tions of Z in the months of the June solstice have changed slowly but 



Pia, 2. The current-syBtem of Pig. 7.16, redrawn as in Pig. 1, hut roferring to simspot- 
loiiiiinTim, in the nortliem suiniiior 

perceptibly from those for a southern station to those for a northern 
station, 

20.10. Hasegawa’s analyses. Spherical harmonic analyses for S 
on a few individual selected quiet days have been made by Hasegawa 
and Ota, which show striking difierences between adjacent days [9,10]. 

For equatorial stations the daily variation in X has a noon maximum, 
\ 
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which changes to a noon, minimum for stations north of the circuit- 
centre of the current-system. Hasegawa found that the latitude of this 
centre sometimes altered by as much as 15® between neighbouring days. 
A few examples are shown in Pigs. 7.19-23. 

20.11. Analysis of the field. As indicated in Chapter IX, the 
additional magnetic variations present during magnetic storms may he 
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Fig. 3. lUuetrating the time-variation, during the first two days of a magnetic storm, 
of the coofiicients and 4 of the main spherical harmonic components (Pi) of the 
disturbance field; Cj refers to the part whose origin is external, and ii to the part whose 
origin is internal to the earth 


analysed into the storm-time variation, the disturhance daily variations, 
and an irregular part. The two last have not been subjected to spherical 
harmonic analysis, but Chapman and Whitehead and Price [22.8, 10] 
have analysed the storm-time variations. These, being the part 
of the variation, that is symmetrical about the earth’s axis, and 
therefore independent of the longitude, will have a potential involving 
only zonal harmonics. The observations clearly indicate that the most 
important harmonic term is the first, ii(cos^), and that the higher 
harmonics are relatively small. On the basis of Chapman’s analysis of 
storms (Ch. IX), Chapman and Price deduced from the data for E and 
Z, at several successive epochs of storm-time, the coefficients and 
in the expression 


y- 2 

n-1,8,5 ' 



(19) 


for the potential of the storm-time changes; the coefficients are functions 
of the time. Their values for «. = 3 and n. = 6 are small, and except 
during the first ten hours of the storm the harmonic adequately 
represents the field (in middle and low latitudes). Pig. 3 shows the 





698 THE SPHBBIOAL HARMON’IC ANALYSIS Chap. XX 

magnitude of and during the first two days of the storm. For the 
first half hour, when there is a rapid change in the field, the internal 
part of Pi is almost exactly half the external part; in the subsequent 
slower change (from 1*^ to 12^) the ratio is rather less, that is, about 0-42. 

The data are based on graphs of the storm-time changes in X and Z 
referring to the (average) north magnetic latitudes 22°, 40°, 51° (9.2), 
and the storms are assumed symmetrical with respect to the equator, 
so that there are no terms P^, . 



PART 3 


PHYSICAL THEORIES OF GEOMAGNETIC 
PHENOMENA 

In the third part of this book we discuss the physical theories which 
attempt to explain the various geomagnetic phenomena described in 
Part 1 and analysed in various ways in Part 2. 

It has been shown in Chapters XVIII and XX that by means of 
spherical harmonic analysis a separation can be made between the 
internal and external parts of the geomagnetic field (that is, the parts 
that originate within and above the earth). 

In this way it is found that the main field, and the secularly varying 
part of it, are almost entirely of internal origin. Their causes must there¬ 
fore be sought within the earth. The very inadequate theories dealing 
with this part of geomagnetism are described in Chapter XXI. 

The transiently varying fields, S, L, and D, are found, on the other 
hand, to be mainly of external origin, but they have also a part of 
internal origin, which is a substantial though minor fraction of the whole. 
The two parts, external (S^, L^, and D^,) and internal (S^, L^, and D^), 
preserve a fairly constant ratio to one another, throughout considerable 
variations of intensity and form. This suggests that though their 
immediate causes lie in different regions, the main cause being above 
the earth and the minor cause within it, the two parts are not really 
independent. It is therefore natural to inquire whether the inner part 
can itself be due ultimately to the main, outer cause. 

It is certain that since the external fields S^, L^, and are variable, 
they must electromagnetically induce electric currents within the earth, 
'which is to some degree electrically conducting. The induced electric 
currents will be accompanied by magnetic fields, which, of course, will 
bo of internal origin. Further, if the magnetic permeability of the earth 
differs appreciably from unity, the external fields will induce magnetiza¬ 
tion within the earth, which also will be accompanied by magnetic fields 
of internal origin. Lot S^, L*, and denote the internal magnetic 
fields produced by $<,, L^,, and in these two ways. Such induced fields 
must at least contribute to the known internal fields S,j, L^, D^, and may 
be identical with them. If they are identical, we are relieved of the 
necessity to seek for any separate cause of the internal part of the S, 
L, and D fields, and have only to consider the cause of the external part. 

Chapter X X I I examines in detail the possibility that the internal 
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fields S{, Lj, and are induced, electromagnetically and magnetically, 
by the external fields S^, L^, and D^. No certain conclusion can be 
reached, because we do not know the distribution of k and /jl, the electric 
conductivity and magnetic permeability, throughout the earth. For 
this reason S^, Lg, and cannot be definitely calculated from S^, 
Lg, and Dg. The most that can be done (and so much is done) is to 
show that no contradiction with existing knowledge is involved in the 
hypothesis of an inductive origin for the inner transient fields, and that 
a not unreasonable distribution of k and ja can be found, which is 
consistent at the same time with each of the three conditions Sg = S^, 
Lg = Lj, and Dg = D^. This renders it probable that the internal 
fields are merely induced by the outer ones, and the calculations may 
also be regarded as giving probable information as to the distribution 
of K (and fi) within the earth. 

Consequently, physical theories of the S, L, and D fields must be 
concerned with causes located above the earth, in the earth’s atmo¬ 
sphere or beyond it. Such theories are examined in Chapters XXIII 
(for S and L) and XXIV, XXV (for D). As regards S and L, the 
conclusion reached is that they must both be due mainly to dynamo 
action, according to the theory first proposed by Balfour Stewart. 
Many difficulties remain to be overcome, however, before a clear and 
comprehensive dynamo theory of S and L can be constructed; these 
difficulties suggest that the phenomena of motion and ionization in the 
upper atmosphere are even more complex than has generally been 
realized. 

The account of theories of the D field in Chapter XXV is preceded 
by a discussion of corpuscular emissions from the sun, since it is con¬ 
sidered most likely that such emissions are the cause of aurorae and 
magnetic storms. The theories of both these phenomena are as yet 
unfortunately very rudimentary and speculative, and much work in 
this difficult field remains to be done. 

The book concludes with a brief historical account of the develop¬ 
ment of the subject of geomagnetism. 



XXI 


THEORIES OF THE MAIN FIELD AND ITS SECULAR 

VARIATION 

21.1. The problem of the field of uniform magnetization. The 
outstanding feature of the geomagnetic field is its general similarity to 
the field of a uniformly magnetized sphere or centred dipole—a fact 
which analytioally is represented by the predominance of the first 
degree terms in the spherical harmonic expression of the potential 
(of. 18 (27)), This is usually assumed to imply that the cause of the 
field must be planetary, affecting the whole earth, and leaving only 
the superposed irregularities, corresponding to the spherical harmonic 
components of higher degree, to be explained as regional effects. 

Less unanimity exists as to whether or not the obliquity of 11-6° 
between the earth’s axes of rotation and of magnetization is of funda¬ 
mental significance. Many authors consider that the angle is sufficiently 
small to warrant the assumption of aphysical connexion between the rota¬ 
tion and the magnetization of the earth. Certain geological evidence that 
suggests a possible complete reversal of the earth’s field diuingpastages is 
usually disregarded as unreliable—a view which is perhaps too dogmatic. 

Unfortunately we are as yet unable to judge whether any other 
celestial body has a magnetic field or not, with the one exception of the 
sun (6.13), If more examples were available, and particularly if we 
could investigate any magnetic fields that may exist on other planets, 
like Mars or the moon, in physical conditions partly like and partly 
unlike those of the earth, our opportunities of testing theories of the 
origin of such fields would be much more favourable than they now are. 

Some authors, assuming that the earth’s magnetization is a funda¬ 
mental physical phenomenon, have endeavoured to find an explanation 
of it that would, at the same time, explain the sun’s magnetism. Some 
theories of the geomagnetic field have attempted to account also 
for the maintenance of the earth’s negative electric charge, and even 
for gravitation. A review will be given of these various theories [1], 
althou^ it cannot be said that at present any satisfactory explanation 
of the earth’s main field is available. 

21.2. The assumption of permanent magnetization. At first 
sight the simplest explanation of the earth’s field seems to be that the 
body of the earth is permanently magnetized. Spherical harmonic 
analysis shows that the main cause of the earth’s field is mtemal, but 
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it gives no clue as to the location and distribution of the magnetization 
or the electric currents inside the globe (cf. 18.3). 

Near the surface the earth-temperature increases with depth at the 
rate of about 30° C. per kilometre, as far down as observations in deep 
borings extend. It is rather certain that this increase continues for 
some distance farther down into the crust. At depths of about 25 km. 
a temperature of the order of the Curie point for iron, 760° C. (p. 26), 
can be expected, so that at greater depths all ferromagnetic substances 
will have lost their magnetic properties, unless the Curie point is higher 
under the great presstmes there met with; but experiments by Adams 
and Green [2] have shown that for pressure changes up to 3,600 atmo¬ 
spheres (equivalent to 13 km. depth under the continents) the pressure- 
change in the Curie point is less than 10° C. 

We therefore consider the degree of magnetization that must be 
attributed to the crust, where permanent magnetization might exist, 
in order to account for the earth’s magnetic moment. A sphere of radius 
a with the uniform specific magnetization 1 has the moment Ittu®/ 
(cf. 1.16); for the earth, if uniformly magnetized, we found I = 0-08 
gauss (18.3). A magnetized ahdl with outer radius a and inner radius b 
equal to a—h therefore has the moment |ir(a^—&®)/i, or, if h is small 
compared with a, ^ Za^hl^. The same magnetic moment is obtained 
as for a uniform sphere of radius a and magnetization I, if al = 
or Ji= lajZh. If we suppose that the earth’s field is due to the 
uniform magnetization of an outer layer of thickness h, and take 
h = 20 km., we have ajh = 300, and = 8 gauss; even if A is as 
much as 84 km., = 2 gauss. 

These values show what average specific magnetization of the surface 
crust would be required in order to explain the total magnetic field, if 
the crust is 21 or 84 km. thick. Now the great magnetic anomalies at 
Kursk and in Lapland are produced by magnetite with a specific 
magnetization definitely less than 1 gauss. It seems hardly likely, 
therefore, that such great average intensities of magnetization as 2 to 
8 gauss can occur in the outer crust. Other objections to this hypothesis 
of the permanent magnetization are 

(a) that, with magnetization confined to this rather thin surface 
layer, we should expect systematic differences between the magnetic 
field over oceanic and continental areas—of which no definite 
evidence has been found; 

(b) that it would be hard to explain how the magnetization could 
be everywhere so nearly parallel to the magnetic axis, unless 
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(c) some powerful kypothetioal process was assumed by which the earth 
was magnetized at some past epoch, although no trace of this process 
is now left—^because there is now no appreciable external field. 

These various objections are unfavourable to the assumption that the 
geomagnetic field is due to permanent magnetization either in the core 
or the crust of the earth. Nevertheless the hypothesis of a permanently 
magnetized ferromagnetic shell or core cannot be entirely rejected in 
the present state of our knowledge about the earth’s internal structure 
[28; 22.10; 22.16]; and the discussion of the secular variation (§6) 
suggests that a fairly large part of the earth’s field—^perhaps as much 
as a quarter—^must have its origin in the outer layers of the earth. 

Wilde [29] attempted to reproduce the main irregularities of the 
earth’s magnetic field, and its secular variation, in a model of the 
earth which he called a magnetarium. Inside a globe 18 inches in 
diameter there was a system of wires carrying electric current, which 
produced a field equivalent to that of a simple dipole at the centre, 
with its axis inclined so- as to cut the globe at a point between the 
geographical pole and the arctic circle. On the inner surface of the 
globe Wilde placed thin sheets of iron over areas corresponding to the 
oceans, and also over certain other areas, apparently not completely 
specified in his account of his model. Ho stated that in this way he 
was able to reproduce the main irregularities of the field. Ho also made 
the dipole field revolve about the geographical axis of his model, and 
claimed that the field then varied in a manner somewhat (though not 
closely) like the known secular variation of the earth’s field in the past. 

Rucker [30] discussed Wilde’s attempt critically, though not alto¬ 
gether unfavourably; he thought it possible that the magnetization of 
the crust might be greater under the oceans than under the continents, 
because the low temperature at the ocean bed would keep the tempera¬ 
ture below the value (the Curio point) at which magnetizable materials 
lose their magnetization, throughout a layer of thickness greater than 
that under the continents. Ho considered that the relation between the 
magnetic permeability of the globe and its more pronounced geographi¬ 
cal features is worth further attention. Wilde’s experiment was also 
discussed, more critically, by Bauer [31]. Hitherto, discussions of the 
world magnetic maps have not revealed any appreciable systematic 
differences between the geomagnetic field over land and ocean areas 
(see Kg. 18.16, p. 661). 

21.3. Internal currents. An alternative theory is that the earth is an 

electromagnet, its field being due to internal electric currents, which must 

ssu,8() n V- 
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have a magnitude of 1,000 million amperes (18.3), and flow from east to 
west. Since there is no obvious source of electromotive forces within the 
earth, capable of maintaining such currents, these maybe regarded as sur¬ 
viving from some past epoch when, by means unknown, they were origin¬ 
ally set up. Since the currents must decay owing to electrical resistance, 
the original current-system must have been more intense than that 
which is now postulated, and the corresponding magnetic field must 
likewise have been greater than the present field. 

Lamb (see Chapter XXII) discussed the decay of currents in a uniform 
spherical conductor, of radius a and electrical resistivity p (in c.g.s. 
units, of dimensions cm./sec.). He found that free currents of particular 
types would decay exponentially, and that the longest possible time 
that could elapse before the current had decreased to a fraction 1/e or 
0'368 of its ini tial value corresponds to a current-function proportional 
to PJ; in that case the time would be 

T = (4/iT)a®/p sec. 

(cf. 22 (89), taking s = 1, q = 1, k = 1/p). For a sphere of the size 
of the earth (a = 6'37 x 10® cm.) made of copper (p = 1,700), we obtain 
T = 10 m i l lion years, and for iron (taldng the low value p = 9,000) 
T = 2 million years. Slow as this decay may seem, it implies enormous 
currents 100 million years ago, namely for copper about 2x10* times 
the present value, and for iron 10®’ times. We know of no processes 
which could set up such enormous currents. 

Larmor [4] suggested the following possibility. Solar surface pheno¬ 
mena seem to indicate an internal circulation, partly in meridian 
planes. In the presence of a small magnetic field this would induce 
an electric field, and if a conducting path round the axis were open, a 
permanent magnetic field might be built up, as in a self-exciting 
dynamo. The same possibility might apply to the oartli’s interior; and 
the secular variation might be regarded merely as an effect of changes 
in the internal conducting channels. Cowling [6], however, has shown 
that such self-excitation is not possible. 

Consequently Schuster’s view [1] still holds, that the ‘difficulties 
which stand in the way of basing terrestrial magnetism on electric 
currents inside the earth are insuperable’. 

21.4. Gyromagnetic effects. Ampere’s hypothesis that the elemen¬ 
tary magnets in magnetized bodies are permanent molecular whirls 
of electricity led to the conclusion that each elementary magnet must 
exhibit the dynamical properties of a spinning body or gyrostat, and 
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that certain gross effects involving both the magnetic and the d 3 niamical 
properties of the elementary magnets should be observable. Such 
g 3 rromagnetic effects have been experimentally demonstrated by 
Barnett [6] and others. 

Among these effects, that of magnetization by rotation is of interest 
here. The magnetization induced in a rod by rotation with an angular 
velocity of v revolutions per second was found to be equal to the 
magnetization that would be induced in the same rod by a uniform 
magnetic field of intensity 2ttvX, where A is a constant which for iron, 
nickel, cobalt, magnetite, and Heusler’s alloy is found by experiment 
to differ only by a few per cent, fi^om the value m/e, the ratio of mass 
to charge for an electron, in electromagnetic units. This ratio is 
1/1-76x10’, so that rotation at the rate of 200 revolutions per 
second is equivalent to a magnetizing field of only about 7 X 10“® c.g.s. 
or 7y. 

The slow rotation of the earth, for which v = 1/8-6 x 10 * sec.~^, would 
therefore be equivalent to a magnetizing field of less than 10“* y\ thus, 
although the sign of the field which the rotation might produce agrees 
with that of the existiug geomagnetic field, the effect is inadequate by 
a factor exceeding 10“. 

In the case of the sun, the magnetizing field would be still smaller, 
since the angular velocity of the sun is less than that of the earth in 
the ratio 1/30 approximately. Since the apparent equivalent uniform 
magnetization of the sun is about eighty times as large as that of the 
earth, the failure of this rotation-hypothesis of the observed magnetiza¬ 
tion is even greater for the sun than for the earth. 

21.5. Rotating electric charges. Sutherland [3] and Angen- 
heister [8] have considered the magnetic field that would be produced 
by the rotation, with the earth, of a uniform surface electric charge 8, 
or of a uniform volume charge Q distributed throughout the body of the 
earth. As Schuster and Schlomka have pointed out, radically different 
magnetic fields would be observed according as the observer does or 
does not rotate with the charges and the earth. If charges of one sign 
only are considered, they must be so great (to explain the observed 
magnetic field) that they would set up a vertical electric potential 
gradient 10® times as large as that found by atmospheric electrical 
observations, which is of the order 1 volt/cm. Conversely the negative 
electric surface-charge of the earth, which is the outstanding feature of 
atmospheric electricity, would give a magnetic field 10® times too small. 
Angenheister, by assuming that there exists both a surface and a 



708 THEORIES OF THE MAIN FIELD Chap.XXI 

volume charge, equal iu total amount and opposite in sign, shows that 
their external electrostatic effect would be compensated, while retaining a 
magnetic field. The positive electric charge per miit volume required in 
order to explain the observed magnetic fields is 4 x 10“^® electromagnetic 
units for the sun, and 18 x 10 “^® for the earth. The charges per unit mass 
of the sun and earth would therefore be about equal. This numerical 
similarity is of doubtful significance, however, at least if it is true that 
(as Hale and his fellow-workers have reported) the magnetic field of the 
sun varies rapidly with height, because in that case it is not clear what 
value must be attributed to the sun’s magnetic moment (5.13). The 
great difficulty of the suggested hypothesis is that the internal electro¬ 
static field is not compensated; it would in fact be very considerable, 
and the earth is amply conducting enough to destroy the supposed 
charge distribution with great rapidity. 

An alternative t 3 q)e of geomagnetic hypothesis is to postulate small 
deviations from the fundamental laws of electrostatic attraction and 
repulsion between electrons and protons, as Swann, Schloraka, and 
others have done. 

Swann [9] modified the electromagnetic equations slightly, by the 
addition of small terms depending not only on v, the velocity of the elec¬ 
tric charge, as iu the classical theory, but also on the acceleration t and 
its rate of change v. His additional terms are such that no new effects 
arise merely through uniform translation of matter, that is, the equations 
remain invariant under the transformation of the restricted theory of 
relativity; the terms contain a factor the form of which is chosen so that 
in the case of uniform rotation of neutral matter, with angular velocity 
CO, they imply the existence of a current-density proportional to co^, 
at a distance r from the axis; this law of variation of the hypothetical 
current-density was shown by Swann to be the only suitable simple law 
that win give a very small field for rotating bodies in the laboratory, 
and magnetic fields of the right relative magnitude for the sun and the 
earth (though owing to the uncertainty as to the true intensity of the 
magnetic field of the sun, it is unsafe to attach much importance to the 
observed ratio of the solar and terrestrial intensities). Finally, by 
appropriate choice of a numerical constant involved in the new terms, 
the theory is made to fit the actual magnitude of the solar and ter¬ 
restrial fields. 'The whole procedure is elaborately ad hoc, and therefore 
somewhat unattractive, despite the skill with which the theory is 
developed. While the modified equations fulfil their intended purpose 
without appearing to introduce discrepancies with other observed facts, 
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only one new consequence was inferred from them, namely, that small 
rapidly rotating non-magnetic bodies should have a minute but just 
measurable field. Swann and Longacre [12] afterwards tested this 
prediction, which was not confirmed. 

Schlomka [10], following a suggestion by Schuster, started with the 
simple assumption that, at a given distance r, the magnitudes of the 
forces between two protons, two electrons, and an electron and proton, 
are slightly unequal, being in the respective ratios (l+a): (1+^): 1. 
This would mean that each sphere of matter would be radially electri¬ 
cally polarized, and, by rotation, magnetized; the assumption that 
(j8—-a) == 0-13x10“^® would .account for the earth’s magnetic field. 
Electrically neutral bodies would attract one another with a force 
proportional to (jS+a), and if this is interpreted as gravitational, we 
must have j8-fa = —0-80 X10“®®. A copper sphere of 26 cm. radius, 
rotating 100 times per second, would only give a magnetic field of 
10“® c.g.s. = 10“^ y, which is below the limit of observation in labora¬ 
tory experiments. 

However, it seems doubtful whether geomagnetism has any such 
fundamental significance in physics as in Swann’s theory, involving 
small modifications in the general laws, which reveal themselves only 
in rotating bodies of great size. Any such hypothesis leads to a field 
symmetrical about the axis of rotation, whereas neither the sun’s nor 
the earth’s field is of this type; the obliquity of the magnetic to the rota¬ 
tional axis is about 4° for the sun, and about 12° for the earth. Thus 
tlie transverse component of the field, which a fundamental rotational 
theory cannot explain, amounts to a few per cent, of the axial compo¬ 
nent, The secular variation of the earth’s field is a further non-axial 
phenomenon of the same relative order of magnitude. 

These asymmetrical features must be ascribed to causes which cannot 
be fundamental, and as they are not greatly inferior to the axial fields, 
it seems unnecessary to invoke fundamental hypotheses for the latter. 
Therefore geomagnetism is probably only a secondary, though possibly 
widespread, phenomenon, and not a universal fundamental one like 
gravitation. If this be so, theories of cosmical magnetism must involve 
factors of an accidental character, not too rigorously determined a 
priorif in order that they may account for the varied secondary features 
of the solar and terrestrial magnetic fields [13]. 

21.6. The bearing of the secular variation on theories of the 
main field. Between the years 1680 and 1820 the declination at 
London changed from nearly 11° E. to 24° W., that is, by 35°. The 
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corresponding change in the east-component may he estimated as 
1,106 y, or nearly one-fourth of the average total field intensity F. 

In conjunction "with the fact that the secular variation is a regional, 
not a planetary phenomenon, its magnitude seems to indicate that the 
regional parts of the earth’s main field are also fairly large. A similar 
change occurring in the horizontal components of the magnetic field 
near the poles "would mean a shift of the dip poles by as much as 20 °, 
more than the obliquity of the earth’s axis. 

It therefore seems safe to conclude that a considerable part of the 
main field must have its origin at depths "where the regional differences 
in the earth’s crust are still important. Areas as large as the oceans or 
the contments seem to be affected in a generally similar way by the 
processes which produce the regional anomalies of the main field and 
their secular variations. The observations do not indicate any obvious 
simple relation of the regional anomalies or the secular variation to the 
oceanic and continental areas. But from the standpoint of Wegener’s 
hypothesis of continental drift, for instance, the high secular variation 
on the west coast of South America may seem not to be accidental. 
The smallness of the regional anomalies found in the Pacific area (Figs, 
18.14 and 16) is also a notable fact. 

Schmidt [23] has sho"wn that the cyclic features observed in the long 
series of observations at London, Paris, and Oapeto"wn are not incon¬ 
sistent with the hypothesis of a homogeneously magnetized core, pro¬ 
viding about one-eighth of the earth’s magnetic moment, which rotates 
"with respect to the crust in the meridian plane with the longitudes 90° 
and 270°, "with a period of 480 years. The total magnetic moment should, 
on this theory, have passed through a minimum ("with the horizontal 
force jH '0 at the equator equal to about 0'26 gauss), at about the year 
1600; the moment should have increased thereafter to a maximum 
(Hg = 0-32 gauss) at about 1840, and be increasing again at present. 
The scarcity of older intensity observations makes the basis for this 
hypothesis, however, rather uncertain. The main feature of the hypo¬ 
thesis is that it can explain why the loop described by the magnetic 
vector is nearly circular at stations near the meridian 0 ° (as at London, 
Paris, and Capetown), but is elongated at stations near the meridians 
±96° (as at Boston and Peiping); but there are few intensity observa¬ 
tions more than a century old, so that a quantitative "test must await 
the future course of magnetic history. 

21.7. The magnetic effect of earth-movements and ocean 
currents. The theory of electromagnetic induction, applied to sea 
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water moving with a velocity of 50 om./sec. (about a knot) across the 
earth’s magnetic field (13.18), predicts electric ocean currents of the 
order 10 "® amp./cm.^ In the case of the Gulf Stream, which is about 
400 metres deep near Florida, this would mean an equivalent surface- 
current of 4x10"^ amp./cm., and a horizontal magnetic component 
(p. 19), of about 20 y. However, it is not likely that regional anomalies 
of this order are actually produced by such ocean currents, because the 
electric current-circuits will probably not flow in horizontal layers, but 
wiU be closed by flow through deep waters, making shallow vertical 
loops of large horizontal extent, so that the magnetic effect at the 
surface wiU be only a fraction of the above value. 

According to 13 ( 10 ), the equivalent surface current-density induced 
by a magnetic field of intensity F, in a linear conductor of resistivity p 
and vertical extent A, moving with velocity v across the field, is i = Fvhjp 
in electromagnetic units, and the maximum magnetic effect is 27n. 
Consider the vertical movements coimected with the tendency towards 
the isostatic compensation of surface loads on the earth; for Scandi¬ 
navia, which is rising on account of the gradual decrease of its glacial 
load (which has been melting since the last ice age), v is of the order of 
1 metre in 100 years; similar vertical velocities, of order v = 10 "^ 
om./sec., have been found elsewhere. In order to obtain an upper limit 
for the electromagnetic effect of such vertical movements, we take 

= 10 -« cm./sec., F = 0-5 gauss, A = 500 km., and p = 2xl0® 
electromagnetic units = 2 X10"® ohm cm.; this low value for p, equiva¬ 
lent to the p for copper, is assumed, quite hypothetically, for the lower 
crust, though it is about 10 ® times the surface value, and also about 10 ® 
times the maximum value found, from the theory of induction by the 
S, L, and D fields (Oh. XXII), for any layer down to 600 km.; on,these 
generous assumptions we obtain a current flow which would have a 
surface field of 8,000 y. This would be a regional anomaly, and any 
notable time-change in F or v or A or p would yield a secular variation 
of the right order of magnitude. Gunn [26] suggested this as a possible 
cause of the secular variation; but the sufficiency of these assumptions 
rests almost entirely on the low value ascribed to p, which is definitely 
inconsistent with the magnetic evidence provided by the relation be¬ 
tween the internal and external parts of the S, L, and D fields (Oh. 
XXII). If, in this calculation, p is given a value of the order 10 ^^, the 
induction by the rising layer would produce a surface field with an 
intensity which is only a small fraction of 1 y. 

Nippoldt [16] suggested, as an explanation of the secular variation, 
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that the level at which the temperature at about 25 km. depth in the 
earth’s crust is equal to the Curie point (§ 2) rises or sinks as the 
material becomes hotter or colder, and that thus the layers affected can 
lose or gain in magnetic moment; but Bidlingmaier [27] showed that 
this suggestion could not survive quantitative examination. 

21.8. The external field. Carlheim-Cyllenskdld and Schuster 
[18.22, 26] discussed the hypothesis that the space round the earth 
has a certain electric conductivity. They supposed that the equatorial 
part of the earth’s moment, representing a rotating magnet, would in¬ 
duce currents in this space, which would cause an appreciable external 
field. Since, however, the evidence for any appreciable constant external 
field is still controversial (18.9) and also because of the reduction of k, 
in the outside space (cf. 15.10), by the earth’s field, we shall not discuss 
this theory. 

Observational evidence for the existence of an external field due to 
magnetic disturbance, but enduring with appreciable intensity through¬ 
out quiet periods, has been described by Schmidt [9.6]. The average 
magnetic disturbance leaves a diminution in H which is not com¬ 
pletely recovered even after a few months, in some cases, and for 
which the cause is mainly external. He considered that this indicates 
the existence of an external current system which decays only very 
slowly, so that its complete disappearance would take some years of 
unbroken absence of disturbance’. He suggested that such complete 
decay would probably raise the magnetic horizontal intensity near the 
equator by as much as 250/ above the present average value, or, in 
other words, that the average external field reduces the internal field,' 
near the equator, by 250y. He pictured this as due to the effect of a 
‘ring-current’ circulating round the earth in the plane of the magnetic 
equator; the current is increased during magnetic disturbance, and' 
decreases during the quiet intervals. 

How definitely the magnetic axis governs these average disturbance 
effects is well illustrated by Bartels’s stereogram (9.10), which shows 
the vectorial differences between the average field on quiet and dis¬ 
turbed days at Potsdam; these vectors lie in the vertical magnetic 
meridian plane (deviating by 19®W. from true north), through the 
earth’s magnetic axis; their horizontal component definitely does not 
he in the direction either of the declination (7’2°W. for the years 
chosen, 1916-28) or of the astronomical meridian. , 



xxn 

ELECTROMAGNETIC INDTJCTION WITHIN THE EARTH 

22.1. Induction by the external part of the S, L, and D fields. 
It has been shown in Chapter XX that the transient S, L, and D fields 
can be separated by spherical harmonic analysis into external and 
internal parts (indicated in our notation by sufSxes e and t)> which 
originate respectively outside and within the earth. The external parts 
are, at the earth’s surface, between twice and thrice as intense as the 
internal parts, and there is a phase-difierence between corresponding 
harmonic components of the two parts. 

In the introduction to Part 3 it was explained that any varying 
external field, such as S^, must produce a varying field of mtemal 
origin, by electromagnetic and magnetic mduction within the earth; 
the field will at least contribute to the internal part (S^) of the S field, 
and may constitute the whole of S^. It is of unportance to know whether 
S{ == Sj, but a direct comparison of the two is not possible, because the 
determination of SJ firom requires a knowledge of the electrical 
conductivity k and the magnetic permeability throughout the earth, 
whereas our direct knowledge of k and p. is limited to the outermost 
layer of the earth. 

On this account our discussion of the induced fields must be tentative. 
The natural procedure is to calculate what they will be, on the basis 
of various reasonably probable simple assumed distributions of k and p, 
chosen as being amenable to analytic and numerical treatment. 

The last consideration requires (at least at the outset) that the earth 
shall be treated as a sphere in which the distribution of k and p is spheri¬ 
cally symmetrical (that is, a function of the radius only). 

This is quite untrue in the outer layers of the earth so far as concerns 
fc, though p is there practically uniform, differing inappreciably from 
unity except in a few isolated regions containing deposits of ferro¬ 
magnetic materials. The value of k, however, varies fi:om 4x 10-^^ or 
even more in the oceans, to 10~^* or 10“^* in moist earth, and to still 
lower values, 10“^® to in dry earth and rook [1, 2, 3]. The value 
4x 10-“ refers to North Sea water (see p. 424); in the Mediterranean 
waters #c may be as high as 6x 10-“. Owing to these great varia¬ 
tions of K, and the irregular distribution of the oceans over the globe, 
it might seem that calculations of the induced fields, based on a spheri¬ 
cally symmetries! distribution of k (and p), would have little practical 
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interest. This question is still under investigation, so far as concern 
the induction of and ; as regards the more slowly varying part c 
D^, the outer layers appear to take only a minor share; most of th 
induction seems to occur at depths of 100 miles or more, and no indice 
tion has yet been found of any striking departure, at such levels, fror 
a spherically symmetrical distribution of k and ja. 

The solid part of the earth’s outer layer contributes only inappn 
ciably to and L^, because of its low conductivity: it seems likely the 
below the thin water-bearing layer k is small compared with 10- 
(whioh is about the maximum value found by Gish and Rooney [< 
in their valuable studies of the electrical conductivity of the outermoi 
stratum). The oceans, however, are highly conducting, and later di 
cussion (§ 3) indicates that appreciable currents must be induced ; 
them by and L,,; these current-systems must add some comploxitii 
to the S and L fields, but apparently they do not shield the deeper laye 
from the and fields; this must be because these fields arc in co: 
tinuous westward motion roimd the earth (following the sun or moor 
so that the oceanic electric current-systems, of restricted and irreguL 
forms on account of the complicated ocean boundaries, must bo co 
stantly changing, and must presumably be much less intense, on tl 
average, than they would be in even a relatively shallow world-wii 
ocean. 

The outer solid layer of the earth is, however, of importance as regar 
induction by rapidly varying outer fields. Since y, — 1 in these layei 
the only type of induction there concerned is electromagnetic. Consid 
electromagnetic induction by a magnetic field which, for simifiicity, ■> 
suppose to vary periodically, proportionately to sin pi. The magne 
flux / of this field through any circuit drawn horizontally at any lei 
near the surface of the earth will be determined by the form of t 
circuit and the distribution of the field; it will vary as sin pi, being, ne 
/o sin pi. The induced electromotive force (e.m.f.) round this circuit 
— dfjdt, or —p/o cos pi, its amplitude thus being proportional to p and 
/q. Hence the whole induced current-system in any thin layer, bei 
proportional to the e.m.f. distribution in the layer and to the value 
K there, will be proportional to #cp and to the intensity of the induci 
field. The current-system itself produces a magnetic field within 1 
earth which tends to neutralize the external field, or to prevent pe: 
tration to deeper layers. As we go downwards, the layers met w 
are more and more shielded from the outer field, that is, the result! 
inducing field progressively decreases, and with it the induced curre 
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intensity. The depth at which practically complete shielding from the 
outer field is attained will be inversely proportional to the general 
intensily of the induced current-system, that is, to IjKp. If either k or 
p is large, a thin layer will provide an efficient shield. 

The main periodic components of'the S and L fields have periods of 
24 and 12 hours. For a field of 1-hour period the currents induced in 
the outer crust of the earth are relatively twdve times as intense as for 
the 12-hour component of S or L; for such or more rapidly varying fields, 
induction in the outer layers will be of some impoftance, because Kp for 
these layers and for such fields is comparable with, or exceeds, the value 
of Kp for S and L m the deeper layers that produce and L^. For fields 
of period only a few minutes or less, the outer layers will practically 
shield the deeper layers from the external field. 

There is need for considerable extension of the work that has so far 
been done in illustrating the iofiuence of electromagnetic induction on 
the S, L, and D fields. For the large-scale fields of simple world-wide 
distribution, like S and L and part of the D field, the earth must be treated 
as spherical; but in discussing induction problems associated with fea¬ 
tures of these fields (particularly of the D field) that are of more limited 
geographical extent, it is helpful, and justifiable, to ignore the sphericity 
of the earth, and to treat its surface as an infinite plane. The most 
inteixse part of the D field, for example, is confined to fairly small 
regions, namely the polar caps within and near the auroral zones: the 
calculation of the corresponding induced fields must be complicated in 
any case, even if the part of the field over each polar cap is treated 
separately, as existing above an infinite plane conductor representing 
the earth. The theoretical attack on this problem has scarcely been 
begun; the problem must probably first be subdivided into still simpler 
elements. An attempt in this direction has been made by considering 
the induction associated with the concentrated currents fiowing along 
the auroral zones; to illustrate this, the simpler problem of an alternat¬ 
ing current fiowing along an infinite horizontal linear conductor above 
a plane conducting earth has been considered. It is clear that the 
induced currents will not be laterally concentrated like the induciag 
current: the calculations, made by Price [6], illustrate the cuiient- 
distribution in the direction transverse to the linear current, and show the 
distribution of the horizontal and vertical components of the induced field 
at the surface. The problem differs, of course, in some naaterial respects 
from those of the polar«D current-system, in which the concentrated 
'amx>ral currents are curved, and fiow laterally into and out of the zone. 
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In the later part of this chapter an outline of the mathematical theory 
of electromagnetic and magnetic induction in uniform spherical distri¬ 
butions of conduetiTity and permeability is given. The methods indi- 
(‘.ated are applicable to any problem in which the conductivity and 
permeability are distributed uniformly throughout any number of 
concentric shells, with discontinuous changes from shell to shell. The 
only ease discussed here refers to a uniform sphere. 

In all such problems of electromagnetic induction in spheres, it is 
practically necessary to suppose that the inducing field is first analysed 
into spherical harmonic components, each of which is considered 
separately. It has been seen in Chapter XX that the S and L fields can 
be approximately represented by a few spherical harmonic components; 
part of the D field can also be so represented, though not the most 
intense part, namely that in the polar regions. To represent this part 
adequately, a great many harmonic terms, of varying signs, would be 
necessary; the calculation of these terms from the observations, and 
then tho calculation and summation of the corresponding harmonic 
terms in the induced field, with reasonably sufficient accuracy, would 
bo so burdensome that it has not been attempted. Since each harmonic 
may be treated separately, however, useful results have been reached 
by consideration of the single outstanding zonal harmonic in D. 

Schuster [20.1] was the first to divide one of the transient parts 
of the earth’s field (namely the S field) into its outer and inner 
parts, and ho also first suggested that the latter is merely an induction 
effect of tho former. He tested this hypothesis by using, in conjunction 
with Lamb, the latter’s pioneer studies of electromagnetic induction in 
a uniformly conducting sphere [6]. This work was extended later by 
Birkeland [7], Chapman, Whitehead [8, 9], Price [10, 11], Ertel [12], 
Buchholz [13], and others. The heating of the earth and oceans by the 
induced currents has been considered by Chapman [17], and found to 
be unimportant. 

22.2. The uniform-core model compatible with the S and L 
fields. The model distribution of k and /x, that has been most fully 
considered is that of a uniform sphere, coneentrio with the earth (of 
radius a), but possibly of smaller radius qa (where g < 1), surrounded 
by an outer layer qa < r < a, ia which k = 0 and ju = 1. This model 
includes the case, corresponding to g = 1, of uniform « and fji. throughout 
the whole earth. If j < 1, the inner conducting sphere will be called 
the (conducting) core of the earth. 

The relation between the external and induced internal field for any 
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periodic spherical hamonic component is described in 20.3. The 
amplitude ratio e^/i^ and phase-difference e^—are expressed by the 
formulae (72, 73, 70, 67, 68, 64) in terms of n, m, q, a, k, and fi. 

The formulae involve a quantity ^ given by 

B= 27 rqa / ■ ■ , 

^ 24.60,60’ 

and if )3 is sufGiciently large it is possible to approximate olosely to the 
phase-difference by an expression which involves k and /x only 

through a function of )8//i or ic//u. 

The sign of C, as determined in Chapter XX from the observed 
data for S and L, is negative in all oases, and in this it agrees with the 
theoretical formula for the ‘core’ model of the earth. The observed 
magnitudes of —C the chief harmonics in the S field are compared 
in Table 1 with theoretical values calculated by adopting a particular 
value for chosen to fit all the observed values as well as possible. 


Table 1 


Harmonic 

Pi 

Pi 

PI 

PS 

PI 

PS 

Pi 

PI 

(Mean) observed cj— 

(13«) 

18° 

21° 

23° 

7° 

8° 

32° 

0 

O 

Calculated ej—t” 

18-9 

18-7 

19-3 

20-5 

n-6 

13*6 

15 

17 

If >1 • • 

19-3 

18‘8 

19-6 

20-8 

11-6 

13-4 

-• 

•• 


Two sets of calculated values are given, the second being derived 
from the formula (73) for the case ju = 1, and the first firom the approxi¬ 
mation (76) which depends on k//x, without maldng any assumption as 
to the value of ju by itself; clearly (75) is qtxite accurate enough. The 
best-determined observed values are those for P|, P|, P|, and these 
agree well with the calculated values. The discrepancies in the other 
cases are not beyond the accidental range of error in the observed values. 

The same particular value of j8//x is in satisfactory agreement with the 
observed values of e”—C for the main harmonic terms in the L field, 
though the observed values are naturally less accurate in this case, on 
account of the small amplitude of L; the average value of e^—i^for the 
three principal harmonics P^+i in L is —24®, as against —21° calculated 
theoretically. 

Having found a single value of j3//x consistent with the phase-differ¬ 
ences for the various components of S and L, the corresponding ampli¬ 
tude ratios can be calculated from (72) or (74): they contain the 
unknown factor differing firom one component to another. By 

equating the calculated to the observed amplitude ratio, the value of 1/q 
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may be inferred separately from each harmonic. The values thus found 
from the four principal harmonics P^+i in S are 

1-068, 1-030, 1-041, 1-041, 

in fair accord with one another. It is satisfactory to find l/q > I, 
or 9' < 1; a value of ^ > 1 would, of course, have had no physical 
meaning. 

Converaely, adopting 1-04 as the value for l/q (or q = 0-96) the calcu¬ 
lated and observed amphtude ratios for the principal harmonics in the 
S field can be compared, as follows: 



Observed 

Calculated 

m = 1 

2*8 

2-5 

2 

2-2 

2-4 

:i 

2-5 

2-5 

4 

2-7 ! 

2-6 

Mean 

2*55 

25 


'I'lie observed values heie given are the means of those in columns 2-5 
(for % " w-(-l) of Table 20.6 (p. 692). 

For L the corresponding values are 



Observed 

Calculated 

vi 1 

2*3 

20 

2 

1-7 

2-5 

8 

2-7 

2-5 

4 

2*4 

2-7 

Mean 

2-3 

2-« 


Here the observed values are the means for columns 2 and 4 in Table 
20.8. The agreement both for S and for L is as good as could bo expected 
from the nature of the data. 

Having determined (or adopted) the value 1-04 for q, we can infer 
Kr/ft from the adopted value of ^//i, which gives the above good fit for 
the phase-difference; we find 

k//x. = 3-6 X 10“*® e.g.s. 

Thus with only two disposable constants, q and «//*, a good account 
lias been given of the values of at least eight quantities determined 
directly from observation, i.e. four amplitude ratios and four phase- 
differences—for the four principal harmonic components of S; the 
corresponding quantities for the other harmonic components of S, and 
for the main and subsidiary harmonics in L, although less well deter- 
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mined, are likewise in reasonably good accord with the results calcu¬ 
lated from these values of q and /c/ji*. Nevertheless, a uniform core 
surrounded by a non-conducting outer shell must be regarded only as 
one possible distribution of conductivity compatible with the induction 
hypothesis of the origin of the fields and L^; other models may also 
be compatible with the same data. 

So far as concerns this considerable set of data, our discussion favours 
the hypothesis that the internal part of these transient fields (S and L) 
is merely an induction effect of the outer part, and has no separate 
independent cause. This conclusion gains support from the a priori 
probability that each of the fields S, L, and D has one cause only, since 
each undergoes many variations of intensity from time to time, through¬ 
out which the relation between their outer and inner parts seems to 
remain constant; if separate causes operated, above and below the 
earth, to produce these respectively outer and inner parts, it would be 
necessary to suppose that in each case the inner and outer causes 
varied in unison; this is improbable, in view of the very different physi¬ 
cal conditions in the two regions. In particular, a variation of an inde¬ 
pendent cause, so closely related with solar chajages as the observations 
would require, seems unlikely. Thus we may proceed with some confi¬ 
dence on the hypothesis that the transiently varying inner fields, not 
only for S and L, but also for D, are merely secondary effects of the 
outer transient fields. 

We shall see later that the above uniform-core model does not well 
fit the D data, but that an alternative model, or rather a range of models, 
can be found, which fits the induction h 3 ?pothesis applied to D as well 
as to S and L. Before considering this evidence, however, we may note 
that the amplitude ratios for S and L, calculated from the value of 
that fits the observed phase-differences, but taking q—l (that is, 
assuming the earth to be uniformly conducting throughout), are defi¬ 
nitely inconsistent with the ‘observed’ values; for the four principal 
harmonics in S the amplitude ratios thus calculated average 1'8, 
whereas the corresponding ‘observed’ value is 2-65. 

The adopted value oiq (0-96) corresponds to a non-conducting outer 
layer of depth about 160 miles or 260 km. 

The value 3-6 x 10“^® found for /c/ja in the core (jn = 1, k//^ = k = 10-^® 
to 10-“) is rather larger than that for moist earth; it is much less than 
that of sea water («//* = «r = 4x 10““), and much more than that of 
dry rock («://* — k = 10-“ to 10-“). 

It may incidentally be noted that the values of q and /c/^ found for 
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the core make j8 amply large enough to justify the use of the approxi¬ 
mate formulae quoted above for €^—and Hence the S and L 

data determine only q and /c/ft, and not /c, and [jl separately. 

If /X = 1 for the core, as it is for almost all of the outermost (solid 
and liquid) layer of the earth, then k = k//x = 3-6 x 10”^* is the value 
to which the present calculations lead. But if the core were highly 
permeable magnetically, so that ju was large compared with unity, a 
correspondingly higher value of kt would be inferred. It is only natural 
that K should be larger if /x is larger, because in the latter case the inner 
part of the core is magnetically (as well as electromagnetically) shielded 
from the inducing field. Hence, for a given ratio of the induced to the 
inducing field, the induced currents must flow in a thinner layer of the 
core, which must therefore be of higher conductivity. An additional 
reason for this is that the magnetically and electromagnetically induced 
fields are substantially of opposite sign (at the earth’s surface), so that 
if both fields are appreciable, the field of the induced currents must 
exceed the actual induced field. 

22.3. The influence of the surface layers. The above ‘core’ 
model of the earth is obviously inconsistent with fact in that it 
assumes k = 0 for r > qa, whereas in the oceans k has a much larger 
value than that found for the core; and even on the land, Gish and 
Eooney, in their valuable studies of earth-conductivity in the outer¬ 
most layer of the earth, have found occasional values of k as high 
as 10”^®. It is desirable to examine how far our conclusions as to the 
size and conductivity of the core would be modified by taking account 
of these surface layers of conducting matter. Any such examination 
must, of coxLTse, fall far short of an exact study of the induction in the 
surface layers, and especially in the oceans, because of their very 
irregular and complicated distribution. 

As regards the surface layer of moist or water-bearing strata, for 
which K is of order 10“^® at most, its influence, assuming any reasonable 
depth of the layer, must he negligible compared with that of all but 
very shallow seas, on accoxmt of the far greater conductivity of the 
water. A layer of moist earth even 10 miles deep would only possess 
the same total conductivity as a layer of sea-water 126 feet deep. Thus 
we shall probably over-estimate the influence of the upper layers of the 
land regions if we suppose they can be treated for the present purpose as 
equivalent to shallow seas of depth not exceeding 126 feet. 

Having thus, for our present purpose, ‘replaced’ the continents by 
shallow seas, we have to consider the influence of the conductivity 
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K = 4x10”^^ throughout an outer layer distributed over the whole 
earth, varying in depth from less than 125 feet to about 5 miles. 

Chapman and Whitehead [8] dealt with this problem as follows. They 
considered a model consisting of an earth containing a uniformly con¬ 
ducting core of conductivity k, permeability /x, and radius g'a, sur¬ 
rounded by a layer in which /c = 0, /x = 1, itself covered all over by an 
ocean of uniform depth d and conductivity /<r = 4x 10"^^. Taking the 
mean amplitude ratio to be 2*55, the mean phase-difference to be —19° 
(as found from the first four harmonic components of S), for both the 
two principal harmonics in S, namely PI and P|, they calculated the 
corresponding values of 3'Rd of the depth d' of the surface of 
the core (clearly d' = (1—2^^) from each of these two harmonics, and 
for several ocean depths d. Their results were as follows: 


Depth of 
oceaUf d 

PI 

Pi 

k'xIQi* 

d' (oniles) | 

/c'xlOi® 

d' {miles) 

126 ft. 

3-66 

168 

6*7 

191 

260 ft. 

3-5 

178 

6*9 

210 

J mile 

4*7 

198 

13-9 

336 

i mile 

10-4 

340 

• • 

• • 


It thus appears that the estimates of k and d' for the core are con¬ 
siderably affected by the presence of even a comparatively shallow 
world-wide sea, J or -J- mile in depth; the estimates derived from the 
harmonic component P| are affected more than those based on P\. 
A shell of sea-water rather more than J mile in depth would cause the 
phase-difference below the ocean to become positive, which is incom¬ 
patible with any possible size and conductivity of core. 

The question may be otherwise illustrated by calculating the ampli¬ 
tude ratio and phase-difference that would correspond to an earth con¬ 
taining a core of the size and conductivity already deduced on the 
assumption that /c = 0 for r > qcL, but also covered by an ocean of 
uniform depth d, the primary magnetic field being purely external. 
The results are as follows [13.70], 


Ocean depth 
d in miles 

p\ 

Pi 

Amplitude 

ratio 

Phase- 

difference 

Amplitude 

ratio 

Phase- 

difference 

0 

2-6 

-19° 

2*4 

-19° 

i 

22 

-20 

2-0 

-21 

1 

2-0 

-22 

1-7 

-20 

2 

1-8 

-18 

1-6 

-16 

3 

1-7 

-16 

1*4 

-13 

4 

1-6 

-13 

1*4 

-10 


Aa 


3595.30 IX 
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This table illustrates the extent to which the amplitude ratios and 
phase-differences are Ukdy to be affected by the existing irregular 
distribution of land and sea. It suggests also that some difference 
should be observable between the potentials of S and L if derived wholly 
from either continental or oceanic observatories. Chapman and White- 
head made a cursory examination of this point, considering six conti¬ 
nental stations only, from which they derived a spherical harmonic 
expression for F, and corresponding amplitude ratios and phase- 
differences for certain harmonic components; from these data, assuming 
no outer conducting layer, they deduced for the core a conductivity 
K = 1-8 X10““ and a depth (to the surface of the core) of 60 miles. The 
difference between these and the former values of k and g may be partly 
due to the uncertainty of a determination of V from only six stations. 

22.4. The distribution of the induced currents in the core. 
Chapman and Price [10] made an examination of the distribution of the 
induced currents in the core, oorresponding to the principal harmonics 
of the S and L fields, on the basis of the ‘core’ model of the earth, 
k//* = 3'6x 10“^* for r <ga, q=i 0-96, and /c = 0 for r > qa. As the 
general theory of induction by alternating fields would suggest, they 
found that the current-intensity decreases downwards more rapidly for 
the harmonics of shorter than of longer period; thus for the harmonics 
PJ and P\ of 24-hourly period, the current-intensity in the core falls to 
one-tenth its surface value at a depth of about 0‘33^a, whereas for the 
6-hourly harmonics, Pj and P|, the corresponding depth is only 0*1 45 a. 
The phases of the harmonics also advance with the depth, and more 
rapidly for the shorter than for the longer period harmonics: for example, 
the increase for PJ and P| is about 43® for an increase of depth by 
O-lgo, whereas for PJ and PJ it is about 86®; down to a depth of iqa, 
the rate of increase of phase is nearly but not quite independent of the 
, depth. 

The field of the induced currents at the earth’s surface r — a is made 
up of contributions from the currents at all depths in the core, but of 
course those nearest the surface of the core make the greatest contribu¬ 
tion; the deeper layers contribute little, partly because of the downward 
decrease of the current-intensity, and also on account of the increasing 
distance from the earth’s surface. This may be illustrated by the 
following table, given by Chapman and Price, showing the approximate 
percentage intensities of the magnetic fields at the earth’s surface, due to 
the induced currents in shells of the core, each of thickness equal to 
0'lg[a. 
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Shell radii -r 

p\ 

PI 

p\ 

PI 

p\ 


1-0 to 0*9 

66 

70 

77 

78 

86 

89 

0-9 to 0-8 

23 

22 

18 

17-5 

13 

11 

0-8 to 0-7 

8 

6’5 

4 

4 

1 


0*7 to 0'6 

2 

1-5 

1 

0*5 



0-6 to 0*5 

1 




•• 

•• 


This shows that about 90 per cent, of the surface field comes from the 
outer part of the core, of thickness \ga or less. We may therefore 
conclude that any variation of k/ju in the core below this depth would 
have very slight effect on the induced field at the earth’s surface, and 
therefore that the S and L fields are unlikely to be able to give us much 
information as to kJ/x below a depth of about 1,000 miles at most. 

To obtain information concerning the value of /c//i at greater depths, 
more slowly varying fields must be considered, whose induced currents 
will penetrate farther down: If the varying component of the earth’s 
field which corresponds to the semi-annual variation could be analysed 
into its inner and outer parts, some knowledge of the value of k at 
considerable depths could be obtained. Another possibility is that the 
11-year variation in the earth’s field may be used for this purpose. 
This and the 6-monthly variation depend on the greater frequency and 
intensity of magnetic disturbance near the equinoxes and in sunspot- 
maximum years than at other times. 

Fortunately the aperiodic storm-time changes of the D field are 
rather gradual in the last phase of a magnetic storm, and they valuably 
supplement the S and L data in the discussion of the earth’s conductivity. 

22.5. The magnetic permeability within the earth. It has been 
seen in § 4 that the relation between the fields and Sg, and Lg, 
interpreted according to the uniform-core model of the earth, determines 
q and /c/p., but that k and (x cannot separately be determined from such 
data. 

If ^ 1, the field of the induced magnetism will be proportional to 
the inducing field, and independent of its rate of change. For the 
spherical harmonic of order n, the ratio of the coefficients for the 
magnetically induced and inducing fields is 

^2n.+l(^_l) 

nyi~\-n~\~ 1 

Though the magnetically induced part cannot be separated from the 
electromagnetically induced part in the case of the daily periodic 
variations, it may be possible to make such a separation in the case of 
the storm-time variations. 
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This is because the external field is varying very slowly at that time, 
and therefore the electromagnetically induced field is very small, 
whereas the magnetically induced field is independent of the rate, of 
change of the external field. Chapman and Price, in their quantitative 
study of induction by the D field, found that possibly after two or three 
days from the beginning of a storm the relation between and might 
indicate whether ja # 1. When the induced currents have practically 
died away, the internal magnetically induced field will oppose the 
horizontal components and reinforce the vertical component of the 
inducing field, in ratios which would be quite considerable if (i differed 
materially from 1. For example, if p. = 10, the combined horizontal 
component would only be J that of the external field alone, and the 
corresponding ratio for the vertical component would be |. 

Chapman and Price searched for such an effect, by examining the 
X and Z data at several observatories for nine or ten days after magnetic 
storms; they found no reliable indication that ^ 1. The search is 
difidcult, because it depends on the X and Z components of the storm- 
time part of the D field when this has sunk to a low value; since the 
undisturbed state of the earth’s field is not definitely known, these 
components are then difficult to determine with certainty. 

Swann has suggested that the permeability deep within the earth might 
be tested by experiment. His proposal was that long-distance telegraph 
wires might for a brief period be linked together to form two largo 
circuits, not too small even compared with the earth’s radius. A current 
generated in one circuit would produce an artificial change of the earth’s 
field and induce a current in the other circuit: the magnitude of this 
induced current would depend in a calculable way upon the value of /x 
within the earth. Swann’s proposal [14] was originally set out very 
briefly, and it is of interest to quote it, as follows: 

‘Suppose we have two cables parallel to each other around the earth’s 
equator, and start a current in one of them. Wo shall got an induced current, 
and a definite time integral of current in the other. The magnitude of the 
latter will depend upon the dimensions of the circuits, the value of the primary 
current, the resistance of the secondary circuit, and the average permeability 
of the earth, and will vary by a factor of the order of magnitude of 3 according 
as the average permeability is comparable with unity, or large compared 
therewith. Now a simple calculation will show that by starting a current of 
one ampere in the primary cable, the order of magnitude of the inducofl flow 
in a secondary cable, of resistance say 10,000 ohms, will be 0'017 coulomb, 
a very large quantity when considered in relation to what is measurable with 
a sensitive galvanometer. It will be obvious that the ideal condition stipu- 
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lated above is not necessary for the purpose of obtaiaing measurements from 
which conclusions could be drawn. It is not necessary for the circuits to be 
immediately adjacent, or to be drawn around the equator, or to be parallel 
to each other. In fact, a little consideration will show that aU that is necessary 
is that the dimensions of the circuits shall be comparable with the depths to 
which we wish to extend our information as to the permeability, and theh 
distance apart must not be greater than is comparable with their dimensions. 
The practical question involved is of course how far it would be possible to 
utilize existing cables for such a project as this.’ 

In a later paper [15] Swann solved and discussed various mathematical 
problems bearing on this proposal. Unfortunately the suggested experi¬ 
ment has not yet been made. 

It seems likely, on general grounds, that ju is approximately unity 
everywhere throughout the earth (except in a few local deposits of 
special minerals). A large value of ii in the core would presumably 
imply the existence of ferromagnetic material there. The central part 
of the earth is indeed generally supposed to consist largely of iron, but 
at ordinary pressures iron loses its permeability at about 760° C., and 
this temperature is attained at about 25 km. depth—^much less than 
the thickness of the relatively non-conducting outer shell, corresponding 
to the above uniform-core model of the earth. Increased pressure 
appears only to lower the temperature at which iron loses its permea¬ 
bility. 

Hence it seems probable that we may take jx = 1, in which case k 
for the uniform core would be 3-6 X10“^^. If, however, /ji were to exceed 
unity, the estimate of k would have to be increased ju-fold. 

22.6. Induction by aperiodic fields. The theory of induction by 
aperiodic fields, even in a uniformly conducting sphere, is more difficult 
than that of periodic induction. This is because in the aperiodic case 
it is necessary to consider the satisfaction of certain initial conditions, 
whereas in the periodic case we consider only the permanent purely 
periodic rdgime which, whatever the initial conditions, will ultimately 
be attained. 

In the theory of aperiodic induction in a uniform sphere, the inducing 
field is supposed analysed at each instant into spherical harmonic com¬ 
ponents. Each of these components gives rise to a part of the induced 
field which involves only the corresponding internal harmonic. If the 
time variations of these corresponding parts of the inducing and induced 
fields are represented by fjf) and fi{t) respectively, the theory enables 
to be calculated when f^{t) is known. When the time-factor of the 
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inducing field is of the simple form ( 1 —e~“ 0 , that of the induced field 
is given by (87) or (87 a). Hence one obvious method of making the 
calculations is to represent fg(t) by a sum of terms of this type, and 
superpose the results obtained for the separate terms. This method was 
adopted by Chapman and Price in their investigation (§ 7) of the internal 
part of the field. They found that the numerical work involved was 
greatly reduced by choosing the a’s from among the series of particular 
numbers defined by (59) and (60), though by so doing only a very 
rough representation of the actual f^{t) could be obtained. 

An alternative method, which avoids this difiiculty, consists in first 
firu lin g the time-factor for the induced field, say <f>(t), which corresponds 
to a sudden increase by unity in the time-factor of the inducing field; 
the result for any other aperiodic inducing field can then be obtained 
by means of a general formula (viz. (93)) which is applicable to all 
aperiodic induction problems. This method, which enables the exact 
time-function /g(^) to be used, has been applied by Price and Lahiri 
(§§ 8 , 9). 

22.7. Induction by the storm-time disturbance field D^. 
In the further discussion we shall suppose that p. = 1 . We shall also 
consider only the main zonal harmonic Py in the storm-time field 
(as observed in the middle belt of the earth, between latitudes ±50°)- 
In this case (/a = 1, == Pi)» special numbers or as they may 

be written (dropping the suffix n — 1), arc very simple, namely 

ocg — s^A, 

where A — 

In order to examine the induction by the outer storm-time field in a 
model earth of the simple type compatible with the S and L fields, that 
is, K = 3-6 X 10“^* for r < qa, where q = 0*96, and k — 0 for r > qa, 
A must correspond to these values of q and k for the core: they give 
A = 6-74X 10-». 

Adopting this value of A, Chapman and Price found that the time- 
factor/<(i) or Cj, for the harmonic Py, determined as described in 20 . 11 , 
can be represented by a sum of four terms of the above form a„( 1 —e““*'); 
these terms correspond to s = 1 , 3, 6 , 8 , and to = 40 = —a^, 
dj == —96 = —Thus 

the unit being 1 y. The values of calculated from this formula, for 
the first four days of a storm, are illustrated by a full line in Fig. 1 ; 
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the ‘observed’ values (for the first two days), as.derived in 20.11, are 
shown by a dotted line (cf. Pig. 20.3): the agreement is moderately good. 
It could be improved only by taking values of a not included in the 
series of special numbers (x^) already mentioned. This, however, was 
not done by Chapman and Price, because it would have greatly in¬ 
creased the numerical work involved. 



Fio. 1. The dotted linos are the oxorves given in Fig. 20.3 (p. 697). The full lines illustrate 
an attempt to represent these curves by theoretical expressions; here corresponds to 
the field of internal electric currents such as would be induced, in a certain ‘model earth', 
by the field corresponding to the ‘external’ curve 

The corresponding value of fi(t) or calculated from the formulae 
given by Price, was found to be 

*1 = —^g)-t-40(^3—^i), 

where is the function given in (87 o). The values of % calculated from 
this formula are shown in Pig. 1 by a full line, for comparison with the 
‘observed’ values (dotted hne). 

The ‘theoretical’ e curve decreases somewhat too rapidly after about 
15 hours from the storm commencement; the calculated i curve is also 
then too low: but the proportional discrepancy between the calculated 
and observed values is much greater for i than for e. This indicates that 
the simple core model of the earth, with the values of k and q found 
from S and L, does not accord well with the relation between the outer 
and inner parts of the more slowly varying field in the later phase of 
a magnetic storm. 

The data alone can, however, be reconciled with the hypothesis 
that the inner part is wholly due to induction by the outer part, even 
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if the earth is represented by a simple core model, provided that values 
of q and k different from those found for the S and L data are adopted. 
It is not so easy to deduce q and k separately in the case of aperiodic 
fields as in that of periodic fields, but' if we suppose q ^ 0-96, then k 
must be at least 44 x 10~^® to fit the data; the smaller the value of q, 
the larger must be the value of k. The values y = 0-94, k = 44x 
lead to a fair agreement, after the first twelve hours of a storm, between 
the calculated induced field and the internal part of this harmonic 
as deduced by analysis of the field. 

This discrepancy between the conclusions as to the core derived from 
S and L, on the one hand, and on the other, should not be regarded 
as necessarily conflicting with the hypothesis that the inner parts of 
these fields are induced by the outer parts: Chapman and Price regarded 
it as indicating merely that the simple core model of the earth is inade¬ 
quate, and that the value of k probably increases downwards rather 
rapidly in the region around q = 0'96. 

This will imply a more rapid downward decrease of induced current- 
intensity in the core than would exist if the core had the same value 
of K throughout, as at the core surface. Chapman and Price showed, 
by considering the simple core model found from S and L, that in such 
a core the induced currents decay distinctly less rapidly than do those 
for even the slowest (24-hourly) component of the S field; thus, whereas 
in the latter case the current-intensity falls to one-tenth of its surface 
value at a depth O-SSyu below the surface of the core, the Dg, currents 
(due to Ij) would not be diminished in this ratio until a depth of about 
O-Qqa was reached. If, however, k increases downwards in the core, all 
the induced currents, for S and L as well as for D, will penetrate less 
far down. 

The above discussion shows that, to determine whether a single 
model earth can be found which will give a good fit between observation 
and the induction hypothesis, for all three of the S, L, and D fields, it 
is necessary to consider the problem of induction in a sphere of non- 
uniform conductivity. This extension of the discussion has been suc¬ 
cessfully made by Price and Lahiri, whose work will now be described. 

22.8. Non-uniform core models compatible with both the S 
and Dgj fields. Taking the distribution of conductivity within the 
earth to be given by k = kp-’ for p <1, k = 0 for p >1, where 
p = rjqa. Price and Lahiri [16] showed that the discrepancies in the 
induction theory of the internal parts of S and Dg, are much reduced 
—^though not entirely removed—^by taking a value of a considerably 
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greater than the zero value that corresponds to a constant k. Their 
method was first to investigate the range of values of s which permit 
the induction hypothesis to account for the internal part of the har¬ 
monic this being one of the best determined harmonics in the 
S field. When a particular value of s is taken, the values of e/i and e—i 
for any one harmonic, as determined from the observations, fix the 
corresponding values of k and y. It has already been seen in § 2 that 
when 5 — 0, i.e. when the core is uniformly conducting, the values of k 
and q are approximately 3*6 x 10“^® e.m.u. and 0*96. As 5 is increased, 
it is found that h must be decreased and q increased; but since q cannot 
increase beyond unity, this gives an upper limit to the possible values 
of 5. This upper limit is slightly less than 30, and the corresponding 
value of k is about 4x 10-^^ e.m.u. (y, of course, being unity). 

The sets of values of s, A, and q which are found suitable for P| 
were then used to calculate the time-factor i{t) in the potential of the 
induced field (P^) which corresponds to the observed e[t) of the storm- 
time variations. These calculations showed that, as s is increased, i{t) 
is increased, and consequently the fit between the calculated and 
observed i{t) is improved. But even when 5 = 30 (which is actually 
slightly larger than the P| observations allow) i{t) is still somewhat too 
small. This can be seen from the curves a', 6', and c' of Fig. 2, which 
show the values of i{t) calculated for the distributions of k obtained by 
taking 5 = 2, 8, and 30 respectively, with (in each case) the correspond¬ 
ing values of k and g, already found to be suitable for the P§ harmonic 
of the S field. These distributions of k are shown graphically in Fig. 3, 
curves a, 6, and c. Each gives the correct values of e/i and €—i for P|, 
except that in the case of c the phase-difference is slightly too small. 
These results suggest that the curve c is a considerably better approxi¬ 
mation to the actual distribution of k within the earth than the curve a 
(which is almost the same as the uniform core distribution considered 
in §§ 2-7 above). At the same time the observations appear to require 
a higher value of k for the lower layers than even the 5, k, q model can 
allow, if it is to remain consistent with the results for P§. 

The conductivity of the lower layers could be further increased if 
they were shielded more effectively, in the case of the S variations 
(which are more rapid than the variations), by upper conducting 
layers. This could be done by having more conductivity near the sur¬ 
face of the earth, either concentrated in a thin shell at the surface— 
in which case it might represent the influence of the oceans (§ 3)—or 
spread throughout the thick shell surrounding the more highly 

3696 .do n 3 
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conducting core. To examine the first of these possibilities, Price and 
Lahiri repeated the above calculations for a non-uniform core (s, k, q), 
surrounded by a thin uniform conducting shell at the earth’s surface. 

If the integrated conductivity of this shell is denoted by and its 
thickness by d, it is found that, corresponding to any value of s, there 



Fig. 2. Showing the variation of ij oalcnlalod thooroticully, for diilnront diutributions 
of electric conductivity within tho earth (uh in Fig. 3) 


is a definite range of values of K^'d consistent witli tho observed results 
for P|, The upper limit of this range is independent of a, and is equal 
to 6'1 X 10-® e.m.u. X cm. The lower limit increases as h increases, and 
it coincides with the upper limit when s becomes infinite. The same 
limitin g distribution is obtained if cither s or k tends to infinity. It 
consists of a thin shell of integrated conductivity 5-1 x 10" ® e.m.u. X cm. 
—^which is roughly equivalent to a uniform ocean of depth 1 km.— 
surrounding an infinitely conducting core of radius 0’903a. This dis¬ 
tribution is represented by the curve e of Fig. 3. 

When the storm-time variations are considered, it is found that the 
greatest possible ‘induced’ value of i{t), consistent with tho P| observa" 
tions, corresponds to the extreme distribution e. This theoretical maxi- 
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mum for i(t) is shown as curve e' in Kg. 2. It will be seen that the 
observed values of i{t) are very close to this maximum, but do not ex¬ 
ceed it except in one ease, namely at f = 24 hours. (This exceptionally 
high value is possibly due to some irregular fluctuation, which has not 
been completely eliminated in the analysis of the observations.) This 
is a good conflrmation of the induction hypothesis; at the same time 


Depth in parts of earth’s radius 



Fia. 3. Illustrating distributions of electrical conduc¬ 
tivity within the earth, compatible with the relation 
found in 1919 by Chapman, between the external and 
internal parts of the harmonic P\ in the field of the 
daily magnetic variation S; of these curves, only d and e 
are compatible with the storm-time variation of the 
magnetic disturbance field (cf. Fig. 1). In the case 
of d and e there is a thin shell of relatively high con¬ 
ductivity near the surface; the area under the curve 
d (or e) near the surface gives an indication of the 
total conductivity h^d of this shell, but other values 
of the thickness d are equally compatible with the data, 
provided that has the value indicated by the curve d 

it indicates that the observed results for P\ and Dg, will not, by them¬ 
selves, indicate an iipper limit to the value of k below a depth of about 
0-la. It should also be noted that instead of taking k infinite below 
f = 0-903a, as in e, it may have any value greater than about 
e.m.u., because all such values lead to results differing inappreciably 
from each other. 

The least permissible value for S in the above model is about 2x10“® 
e.m.u. X cm., because the observed results for P| then allow $ to be 
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as great as 37, and this value of s is just large enough to give a suitable 
internal field for With this value of k,, 8, the observed amplitude 
ratio and phase-difference for P| can be obtained by taking s = 37 , 
k — 4x 10 “^* e.m.u., and q = I; this distribution is shown graphically 
as curve d of Fig. 3; the corresponding i{t) for the storm-time variations 
is shown as curve d' of Fig. 2 . It will be noted that the curves d' and e' 
do not differ by more than 1 y at any time, and with one exception 
(at i = 24 hr.) the observed values of i{t) lie on or between these curves. 
It appears, therefore, that any distribution of k between those repre¬ 
sented by d and e of Fig. 3 is compatible with the observed results for 
both P§ and D,^. 

In the case of e, the shielding of the core would be due entirely to the 
oceans; in the case of d it would be due partly to the oceans and 
partly to the layer of moderate conductivity between the surface and 
the core. The value 2 X10“® e.m.u. x cm. for kq 8 in d does not, however, 
necessarily represent a lower limit to the possible influence of the oceans, 
because there is still the possibility, noted above, that the observations 
are compatible with a distribution in which /<, throughout the xipper 
layers, is greater than the value necessarily assigned to it when the 
formula k = kp~^ is used. 

It was shown, however, by Price and Lahiri, that the observations 
are not oom])atible with any distribution in which k does not somewhere 
decrease (either .suddenly or gradually) with increasing <iopth, before 
the region is reached where it rapidly increases. The distribution of 
this type which comes nearest to fitting the observations is that in which 
K remains constant and equal to 2-3x10-^® e.m.u. down to a depth 
0-1 la, and then suddenly increases to infinity (or any value greater than 
about 10 “^^ e.m.u.). This distribution gives the correct relation between 
the external and internal parts of P§; also it gives a time factor i{t) 
for which lies between the curves c/ and d' of Fig. 2 , and is slightly 
too small to give a satisfactory agreement with the observed ?(<). 'riiis 
shows that if the influence of the oceans on P| and is negligible, there 
must be a region, not far below the earth’s surface, where k is greater 
than 2-3 X10“^® e.m.u., and that between this region and the much 
more highly conducting core there is a region whore k is somewhat 
less than 2-3 x 10~^® e.m.u. This, however, seems rather improbable, 
especially in view of the fact that the measured conductivity of the 
surface rocks is seldom greater than 1 ()~^® e.m.u. 

22.9. The distribution of conductivity within the earth. One 
deduction which it seems can be drawn from the above results is that 
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a very rapid increase in the conductivity of the earth occurs at a depth 
of about 600 or 700 km. (about one-tenth of the earth’s radius), because 
this feature is common to all the distributions which can give results 
in satisfactory agreement with the observations. Below this depth 
there is a region in which k is least 10-^^ e.m.u. The observations at 
present being considered cannot, however, afford much further informa¬ 
tion about this region because the corresponding induced currents do 
not penetrate it very deeply. In the case of the extreme theoretical 
distribution e, the currents do not, in fact, penetrate below the surface 
of the core; in the case of d, their intensity is greatest at r = 0‘88a, 
and decreases quickly to a negligibly small value at r = 0*8 la. 

In the region between the surface and the highly conducting core, the 
average conductivity is possibly of the same order as that of the surface 
rocks (i.e. about 10““ or 10~“ e.m.u.). If this is so, then this discussion 
indicates that the oceans must have roughly the same urfluence on 
S and as a uniform ocean of depth between ^ km. and 1 km. This 
does not seem unlikely since the actual oceans, if uniformly distributed, 
would cover the earth to a depth of 3 or 4 km. The observations so far 
considered do not, however, preclude the possibility of the mean con¬ 
ductivity of the upper layers being as high as 2-3 x 10““ e.m.u., and 
if this is the case the influenoe of the oceans must be appreciably less 
than the above. An independent estimate of the influence of the oceans, 
based on an investigation of the induced currents in a suitable non- 
uniform thin shell, is desirable to distinguish between these alternative 
hypotheses. 

The above information as to the distribution of conductivity within 
the earth might be rendered more precise by considering the other 
harmonics in the daily variations. An indication of this is afforded by 
the phase-differences of the harmonics P\, 1%, P%, P%, the observed 
values of which are respectively 13®, 18°, 21°, 23® (p. 715). Now the 
values calculated for these phase-differences, using the original uniform- 
core model, were 19°, 19°, 20°, 21® (Table 1). These increase less rapidly, 
with the order of the harmonic, than do the ‘observed’ values. On the 
other hand, the values obtained when the extreme distribution e of 
Fig. 3 is used are 8°, 18®, 26®, 30®, which increase too rapidly. This 
shows that the distribution e is too extreme. It would evidently be 
possible to choose a value of K^d, somewhat less than the value 
6'1 X 10“® e.m.u. of the distribution e, together with a suitable ‘core’, 
which would give phase-differences for the above harmonics in reason¬ 
ably good agreement with the observed values. It is, however, doubtful 



732 ELECTROMAGNETIC INDUCTION WITHIN THE EARTH Chap. TCNTT 

whether it would be possible, with the observations at present under 
review, to distinguish between a gradual downward increase of k in 
the core, as, for example, in A, and a very abrupt increase in k (as in e, 
but to a fiaite value instead of infinity). In any case, the conclusions 
based on the present series of observations should not be pushed too far; 
it is desirable to check their reliability by an independent analysis of 
a more recent and extensive set of magnetic data, before more elaborate 
calculations are made. It may also be noted that if the non-cyclic 
variation were analysed into external and internal parts, in the same 
way as the variations, the relation between these parts would bo a 
further check on the results, and would also probably extend our know¬ 
ledge of K to slightly greater depths. 

THE MATHEMATICAL THEORY OE CURRENT-INDUCTION BY 
VARYING MAGNETIC FIELDS IN REGIONS BOUNDED 
BY CONCENTRIC SPHERES 

22.10. The general equations. The notation here used is as follows; 
E = electric intensity. 

H = magnetic force. 

B — magnetic induction. 

A = magnetic vector potential, 
c = electric current-density. 

/X, = magnetic permeability. 

K = electric conductivity. 

These quantities will be supposed expressed in o.g.s. oloctroinagnetic 
units. 

We assume that in each conducting region, where 

c = kE, (1) 

B = /xH, (2) 

ju and K are constant, and that in the non-conducting regions (where 
«: = 0) /X = 1, so that there B = H. Wo consider only fields which are 
‘quasi-stationary’, meaning by this that their rate of variation is suffi¬ 
ciently small for it to be possible to ignore displacement currents. 
The magnetic vector potential A satisfies the equations 

B = curlx4, (3) 

divA = 0. (4) 

This implies that, to our degree of approximation, 

dive = 0, 
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and also that just within a conductor the components of c and E normal 
to the surface are zero. 

It is also ass um ed that there are no free charges in any dielectric 
region (such as the atmosphere or any supposedly non-conducting layer 
of the earth). As regards volume charges in any uniformly conducting 
region, the general theory of the electromagnetic field (whether or not 
account is taken of displacement currents) shows that any such charge 
originally present wUl be dissipated with great rapidity; hence such 
volume charge need not be considered here. 

Since curlB = cimlcurlA 

= —V^A-f-graddivA, (6) 

it follows from (4) and (2) that 

V^A = —curlB = —/xcurlH. (6) 

The magnetic flux N through any surface 8 bounded by a circuit s 
is given (in vector notation) by 

= I B.<i5 = f (curlA)*dS 

i s 

= j A-ds, 


by Stokes’s theorem. 

By Faraday’s law the electromotive force round the circuit s is 


Hence 


_^_grad^, 


where <l> is (at present) an arbitrary scalar function of position and time. 
If (ji is identified with the electrostatic potential of an instantaneous 
distribution of charge, this distribution (in the assumed absence of 
volume charges) must be situated on interfaces between conductors and 
dielectrics. A complete theoretical treatment, not restricted by the 
assumptions already mentioned, shows that such surface distributions 
are very minute; their order of magnitude in the case of quasi-stationary 
fields is EJ4^c^ e.m.u., where c = 3xl0^® cm./sec., and is the 
normal component of E just outside the conductor. Nevertheless their 
electrostatic field is important, because it is responsible for the reduction 
of just within the conductor to zero, and for the deflexion of any 
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currents approaching the surface so that they are made to flow parallel 
to it. 

It is, however, not necessary to identify ^ with the electrostatic 
potential of the charges present; if this is not done, A will of course 
include a part depending on these charges. It is in fact possible, in the 
case of certain distributions of k, including uniform distributions, to 
take 4> = 0, consistently with the equations (l)-(4). When k is uniform, 
our assumed equation div c = 0 imphes also div JE = 0, which is con¬ 
sistent with (4) and with the form of (7) corresponding to ^ = 0, namely 


JE = - 


eA 

dt 


(7 a) 


When B and E are known, this equation, together with (3) and (4), 
defines A uniquely (apart from an unvarying gradient vector which 
would not affect B and E). 

When A is thus defined, the normal component of any variable 
part of A must be zero just inside the surface of any conductor. 

From (1) and (7 a) we deduce that 


By Ampere’s law, for any circuit s bounding a surface S, 
&H-as = iirfc-dS, 

and sine© the left-hand side is equal, by Stokeses theorem, to 

J* (curlH).d5', 
it follows that curl H = ivc. 


Hence, by (8), 
and further, by (6), 


curlff = —itTK 


dt’ 




eA 

dt‘ 


(») 


In non-conducting material this reduces to 

V^A = 0, (10) 

implying that curl JB = 0, by (6), so that B is derivable from a magnetic 
potential V , i.e. B = H= -grad V, (11) 

and since divB = 0, V®F = 0. (12) 
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22.11. Solutions for regions bounded by spheres. We seek 
solutions of equations (9) and (12) that are appropriate to regions whose 
boundaries are concentric spheres. It is therefore convenient to use 
spherical polar coordinates of position, r, 6^ as in 17.1, the origin 
being at the centre of the spheres. The corresponding components of 
vectors will be distinguished by the suffixes r, 0, <f>. 

In terms of such coordinates and components, the equation div ^ = 0 


is 


div A = I e(^gsmg) dA4, ^ 

r^dr rsinddd ~rsm6d^ ’ 


(13) 


the r, 9, ^ components of curl A are respectively 

8(.^^sin^) _ d{rA^) d{rAg) dA^ 

rsiaddd rsm9d<l>‘ rsm9d<f> rdr ’ rdr rdd' 

22.12. Non-conducting regions. In non-conducting material 
B = —gradF (cf. (11)). Hence 


Br 


!Z B B 

dr’ ^ rdd’ ^ yain08^‘ 


Since VW = 0 (of. (12)) V can be expressed as a series of spherical 
harmonic terms of the form 


a(«-|-/,->‘-i/»‘)>S;«(0, ^), (16) 

wheie a is a constant (a length), 8'^ is a spherical surface harmonic of 


degree n and order m, and 


y/o; 


(16) 


and are functions of the time only, and we suppose that they 
are expressible as sums of exponential functions of the time, i.e. 




2 A" = 2 /““e-"'. 


(17) 


for a series of known values of a, which may be real, complex, or 
imaginary. For each value of a there is a term in the expansion of 
V, and likewise of —grad F or B and its components. All these terms 
may be distinguished by the appropriate affixes n, m, a, hut these 
will be omitted for simplicity in printing. We shall consider a typical 
term in F, namely (18) 


At a spherical boundary (y = % or p = p^, say) between conducting 
and non-conducting regions, the normal magnetic induction (B^) and 
the tangential magnetic force (i?^, B^) must be continuous, and this 

3II9IS.30 u a o 
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applies to each of such n, m, a terms separately. The values of these 
quantities, at r = a, are as follows: 


= -{nEpl--^- (w+1 (19) 

He = -{Epl-^+Ipi^-^}&-'^dS^lde, ( 20 ) 

_{J?p»f-i+Jpp»-2}e-“'3/S^/sin^a^. (21) 


The surface harmonic 8'^ is of the form Pjf(oos0)cos(m.^+e). It is 
conrenient to regard E and I as complex constants, with the convention 
that in aE our formulae we are dealing with the real part of each whole 
complex expression. The complex constants E and I can thus represent 
the phase as weE as the ampEtude of the external and internal 


harmonics, i.e. 


E — jBfte* 


1 = 


( 22 ) 


where E, I, Eq, Iq, e, i aE bear the appropriate affixes n, m, a. 

22.13. Conducting regions. The induction B and the vector 
potential A in the conducting region are likewise supposed expressed 
as sums of parts B“, A'^, each depending on the time only through a 
time-factor c-“‘ (the series of a’s being the same as for the non-conduct¬ 
ing region). (In B“, A“, c“, the a is an affix, not an index.) Each such 
part must separately satisfy (9), which thus becomes 

V2A“-f 47rK)«,aA“ = 0, 

or, if = — 4^7TKpLoi, (23) 

then (V2—*2)A“ = 0. (24) 

The corresponding part of c, denoted by is given by 

c“ = /caA“ (25) 

by (8). 

Lamb showed that the solutions of (24) and (3) which are appro¬ 
priate to spherical boundaries are of two types. The one that is of 
importance here is a sum of terms of the form 

= ae-°ff^{r)(r A grad 8^), (26) 

where A is the sign for a vector product, 8^ is, as before, a spherical 
surface harmonic of degree n and order m, r denotes the vector jfrom the 
origin to the point (r, 6, <j)), and fjj") is a function of r only, which 
satisfies the equation 

^’*^+2r^-W7i+l)+fcV% = 0. 


(For remarks on the other type of solution see § 18.) 


( 27 ) 
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The r, 6, ^ coordinates of r a grad are 


0 , 


8S1^ 

aiadd^’ 


so that those of are 

0, —ae-'^f{r) 


88^ 

am68^’ 


88!^ 
86 ’ 


ae~'^f{r) 


8^ 

86 ’ 


(28) 


which also give, when multipHed by kcx, the components of the corre¬ 
sponding part of c, by (26). 

On inserting the components of A from (28) in (13) we verify that 
(26) satisfies divil = 0. 

The components of curl A or B are found by substitution from (28) 
in (14); using the equation satisfied by 8^ (cf. 17 (34-7), p. 618) we get 
(omitting affixes) 


B, 


= —l.n{n+l)f{r)e~^8^, 
P 

Id,,,,. „. 88 ^ 


(30) 




(31) 


86 ’ 

J8l_ 

am68^’ 

Inserting these again into equations similar to (14), but with B substi¬ 
tuted for A, we find that —curlB or, by (4, 6), VM, has no r component, 
while the 6 and <j) components are respectively —5B“/sin0 3^ and 88^186 
multiplied by x-i 


Substituting these components into (24), it is readily verified that this 
is satisfied subject to (27). 

22.14. The conditions satisfied at a spherical boundary. At a 
spherical boundary r = % or p = pi, between conducting and non¬ 
conducting regions, Hg, and must be continuous. This condition 
must be fulfilled for each n, m, a term separately. Hence, from (19—21), 
(29-31) we have 

np^E-{n+l)pi^-U = n{n+ l)f{a^), (32) 

22.15. The functions/„(r). The equation (27) can be expressed as 
a Bessel equation by changing the dependent and independent variables 

and r tow and z, where 

= r-*w?, z = hr. 
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The equation then becomes 

of which the general solution is 

w = AI^+i(z)+£K,,^{z), 

in the standard notation of Bessel functions. Consequently 

Air) = 

It is convenient, however, to give some details of the direct solution 
of (27). This equation is analytic at all points except r == 0, which 
however is a regular point. The indicial equation has the roots 
—1, so that 

Ur) = (34) 

where C and D are arbitrary constants, and <|>^^ and are integral 

functions, which satisfy the respective equations 

r2^^+2(s+l)/-^--Fr%(r) = 0 (36) 


for s = w and a = —n— 1 respectively; these equations are obtained by 
substituting or for/in (27). It is clear that must 

be arbitrary to the extent of any multiple of since such an addi¬ 

tion to (fi-n-x alters the arbitrary constant G in (34). Hence (36) 
may be expected to have two integral solutions when $ = —1. It 
may easily be verified that when s — n (> 0), only one solution is 
integral. This is of the form (valid whether s is positive or negative) 


j;(*V) = 1 


2(2a“f-3) 


_ (M)t _, _ r(5-f|) 

2.4(2s+3)(2s-f 6) '(pr)«+* 


(36) 


When s = —n—1, the solution of (36) has the form 
where C and D are arbitrary constants. Note that corresponds 

,to the RJ.K) of Chapman and Whitehead [9], and to the jB,/—A:V®) 
of Price [11]; Qjkr), introduced in (40), corresponds to the 
of Chapman and Whitehead. 

A solution of (27) may also be obtained in the simple form 

/ = Oe^pn(kr), 


where G is an arbitrary constant; p^ix), which satisfies the equation 




(37) 
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(obtained from (27) by substitution of the present expression for/) 
proves to be a finite polynomial in 1/x, of degree i.e. 

n M 1 ^(^+1) , (n-l)n(n+l)(n+2) 

^ 2x (2x)^ 2!(2cvy ^ ^ 

Since (27) is unaltered by changing the sign of A, another and indepen¬ 
dent solution of (27) is De~'^^p^{—hr), Both these solutions are of the 
form The solution r'^F^{k^T^) already found from (27) 

must clearly be a combination of these two new forms, and it is not 
difficult to verify that 

(39) 

For the second part of/ in (34), which, as shown above, is ambiguous 
to the extent of a multiple of we adopt the form 

{1cr)—^0„{hr) = e-^p,,{-lcr). (40) 

Reversing the order of the terms in the polynomial (38) for />„, we have 


It is clear from (38,39) that jP„ must be expressible as a sum of hyper¬ 
bolic functions each divided by some power of hr-, for example, 


sinh hr 


3 / , , smhXr 

—3 cosher—^—;— 
hr , 


Moreover, from (36) it is readily shown that 

_ 2n-|-3 dF^ 




kh' dr ’ 


■p;-!=-?'«+7 


From (41) we find 


2?i-t-l dr 


0 ^ = e-*^(l-f ^), 


and also we can readily prove the following relations, analogous to those 


for 


2%-l dG^ 

■ dr ’ 


_L_ ^ 

" 2n+l dr ' 


(47) 
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Again, from (46), we find 

Gn-x^ 2«—l<^logg„ 

khr dr 


(48) 


and by expressing log as a power series we deduce that 


<^.-1 2n-l[ 

On ~ 

Since, by (40), 


n n{n-\-\) n{n-\-l) {n—2)n{n-^l){n-\-Z) 

hr^ 2{kr)^ 2{krY 8(kr)* 


On-i _ 

On Pn(—^) ’ 


(49) 

(60) 


the second factors on the right of (49, 60) are equal. Hence by reversing 
the sign of ib* in the bracket of (49), we obtain Pn-i(.^)IPnU^)- 
When the real part of kr is large and positive, (kr)^F^ is approxi- 


and then also we have the approximate relation 

^ kr pn-xi^) ^ ^ fi I ” I 

i’JifcV) • 271+1 p^{kr) 271+ll ^kr'^ 

?l(7l+l) 71(77+1) (77—2)77(77+1)(77+3) \ 

2(jb-)** 2(kr)^ 8(kr)* ' 

The proportionate error in (51) is, by comparison with (39), of magni¬ 
tude e-^*^p„{—kr)lp^{kr): if the real part of kr exceeds 7-6, 

< e-^® = 10-®'®^, which is very small. Hence, unless by some chance 
the ratio p^{—kr)lpjjar) happens to be large, (61) will be valid for such 
values of hr. 

22.16. Induction in a uniform solid sphere. The preceding 
analysis will first be applied to the case of a uniform solid sphere of 
radius qa, surrounded by non-conducting matter or free space. Since 

the field must be finite at ?■ = 0, /(r) will consist only of the part 
Cr^F^, of positive degree, or (changing C) 

A(r) = Gp^F„. (63) 

Hence, by (28, 26), the components of the 77 , m, a term in c are 

0 . (54) 

The boimdary conditions (32, 33) at t* = qa, pi = q, are therefore 

77.B-(77-i- l)2-*»-i/ = 77(77+ l)OF^(kYO'^) (65) 
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and = C'j(»+l)J?;(iVo2)+r^| 

after using (44). Consequently, provided that E is not zero, 


n 


E 1 


gan+lfl 


) 2n+l j 


-i‘ 

9 


S =4:iM’«+t+r 


( 66 ) 

(67) 

( 68 ) 


22.17. The‘free’current-systems. If jB is known, corroHponding 
to a given external inducing field, these two equations determine 1 and 
C, which may be regarded as giving, for the spaces outside and witliin 
the sphere, the particular integral of the differential equations of induc¬ 
tion. But these equations have solutions, infinite in number, oven when 
E = 0; they correspond to the complementary function in the solution 
of an ordinary linear differential equation, or to the free vibrations of 
an elastic system. When E = 0, the number a in the exponential time- 
factor 6-°^ associated with E (and hence also with I and 0) ceases to 
bo assigned; thus k also, which depends on a (cf. 23), is unknown. But 
wlien E = 0, the equations (66, 66) arc equivalent to two equations, 
one giving the ratio IjO for any assigned k, while the otlior is indoj)en- 
dent of I/O, and represents a condition to bo satisfied by k. This 
equation is 

i2n+ l)if;,-#L2%“)+n(,*-l)^;(Aa,2V) == 0. (60) 

where the suffix to k indicates that the equation is satisfied only by 
certain definite values of k^^a^. Those are real, negative, and infinite 
in number; wo suppose that the suffix s{~ 1,2, 3,...) is assigned to them 
in ascending order of magnitude. 

Writing r-. —k%,q^a^ = 47rKfiq^a\,„, (60) 

(60) is equivalent (cf. 36, 44) to 

a»«-/nij(»«»)+(n/i+i)./„+j(a:,J 0. (61) 

Since is negative, a„, is real and positive, so that the associated 

current-systems decay exponentially without change of typo. (When 
ft — 1, (69) is equivalent to i'n-i(—»S«) “ 0 or ~ 0*) 

To each value of (or klg) there corresponds a value of the ratio 
IjO, given by 

In, = (02) 
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The absolute values of 1^^ and are arbitrary to the extent of a 
numerical factor, the same for both. The infinite series of freely decay¬ 
ing current-systems associated with any given integers n and m enable 
the initial conditions of any problem of induction in the sphere to be 
satisfied, 

22.18. Lamb’s second solution for A, Lamb’s second solution 


of (24) corresponds to a current-system in which the flow is not in 
general perpendicular to the radius vector, and which possesses no 
magnetic field outside. Such solutions exist only for certain special 
(positive) values of a; they are the solutions of the equation 

F^{ — 4:7rKixq^a^oL) = 0. 

Changes in the magnetic field outside the sphere cannot generate or 
affect such currents. (This is not quite true if we take account of the 
finite velocity (c) of propagation of electromagnetic waves. But the 
necessary modification is unimportant, if a is small compared with 
c/a, which is approximately 47 for a sphere of the size of the earth. 
Now 6“^^^ decreases to one-tenth of its value in 0-06 second, so that 
only those free current-systems would be affected for which the rates 
of decay are extremely rapid.) Consequently, and also because such 
currents, if they existed, would not be discovered by surface observa¬ 
tions of the field, they need not be discussed hero. 

22.19. Periodic induction in a uniform solid sphere. Wo now 
consider induction by a purely periodic external field, which is propor¬ 
tional to (where p is real) and depends only on local time. In the 
case of the solar daily variations, in so far as these depend solely on 
local time, p = m, the order of the harmonic that is, the time- 
factor is if time is reckoned in angular measure {2tt per day); if, 
however, as we shall suppose, t is measured in seconds, the value of a 


in 6““^ will be given by 


irrim 

24x60x60* 


(63) 


(In the case of the lunar daily variations, the factor 24 in (63) has to 
be replaced by 26-74, 24-84, 24-56, 24-41, according as m = 1, 2, 3, 4, 
i.e. by 24/(1—2/mJf), where M — 29-63, the length of the mean synodic 
month in mean solar days; the second of these numbers, 24-84, is the 
mean length of the lunar day in solar hours.) 


We write AW = (64) 

(cf. 23), so that j9* is real and positive. Then 

kqa = j8(l+t), Ijkqa = (1—1)/2^. 


(66) 
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It will appear later that, in connexion with the daily magnetic 
variations, the lowest value of jS (the real part of kqa) exceeds 7-5, so 
that the approximations of (51) and (52) may be accepted as valid. 
Writing (52) in the form 


where A' and B, which are real, are given by 


A' = —^ 
2»+l 






B = 




4j82 ■^4;8 

n(n+l) n{n+l) 
4^ 4^ 


2n+l 

we deduce from (57) that 




T ^ 2 


n 


where A = A '-{-^^^— 
^ 2n+l 


i8 


f A+iB \ 

nfi , n{n+ l) , | 


2n+l\ ^ p 


4^ 


( 66 ) 

(67) 

( 68 ) 

(69) 

(70) 


The ratio Ejl is a complex quantity, expressible as (J!'o//o)exp i(e—i), 
in the notation of (22) or, in the notation of Chapter XX, with appro¬ 
priate affixes, E, 

Ml 


pm 

^expi(e--C). 


From (69) we infer that 


(71) 


iJT n ^ \(^A-iif+B^] ’ 


(72) 


(73) 

For the lowest value of p that occurs in our applications, which is 
about 7-9,»is 1 or 2, so that n(n+1)/4^ does not exceed 1/41; the high¬ 
est value of n that we need to consider is 6, and since the associated value 
of ^ is then twice as great as before, n{n+l)f4^^ in this case does not 
exceed 1/60. These values are small enough to justify the neglect of the 
term n{n+l)/4^ and later terms in (68) and (70), in comparison with 
the preceding terms (1 or 1 (72), (73) then become approximately 

equivalent to 


i2n+l)fi/^ 


— —tan~^ 


n d 


(74) 

(76) 


S505.30 n 
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These expressions depend only on n, g, and ^[fi, which is 

2nqa'Jm Ik, 

V(24.60.60)V/i’ ^ ^ 

hence they show that, to this degree of approximation, the field induced 
by a giTen external periodic field depends only on the ratio /c//*, and not 
on K and /j, separately. Not until the approximation is pushed farther 
do (72) and (73) come to involve j8 separately from )S/ja, and conse¬ 
quently Kfj, separately from kI/j,. 

The current-density c is given (of. 26, 26, 63, 68) by 

Agrad 81 ^); (77) 


when jH. = 1, C'is specially simple, its value being 

In the present periodic case we are usually not concerned with any 
initial conditions; we are interested only in the induced currents and 
their field, after any transient ‘free’ current-systems, produced in first 
setting up the periodic external field, have died away. Thus the solu¬ 
tions of § 17 need not be considered here. 

22.20. Aperiodic induction in a uniform solid sphere. The 
general analysis of § 16 will next be applied to induction in a uniform 
solid sphere, during the exponential rise of an external field to an ulti¬ 
mately steady value. Thus we suppose that initially there is no current 
flowing within the, sphere, and that a particular harmonic 8'^ in the 
external field varies with the time as (1—6“°^) for { > 0, and is zero for 
t < 0: a is here to be real and positive. To satisfy this condition it is 
necessary to take the free current-systems of § 17 into account, as well 
as the induced system with the ‘external’ time-factor 

By means of a combination of time-factors — e~*»‘) it is possible 

to approximate to any ordinary function of the time, whose value is 
initially zero: in particular, to a function which finally tends to zero, 
like e in 20.11. This function e is in fact the application in view in the 
present section. 

Thus we consider a term in the potential of the external field, given by 
a£^p»(l-e-“«)*S^. (78) 

The first part of this expression corresponds to a constant field; this 
induces a constant magnetization in the core (if [x ^l), giving a 
constant magnetically induced field having a potential 




1) 


(79) 
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no eUctrormgiketicaUy induced field is associated vitli the first term 
of (78). 

The second term of (78), —aEp^e~°‘‘S^, is of the form considered in 
§§ 12-16. In the region r > qa the potential of the associated field, 
induced both magneticaUy and electromagnetically, consists of a ‘parti¬ 
cular integral’ term (§17) whose value is 


(80) 

where 1 is given by (67) together with a series of ‘complementary 
function’ terms (§ 17) of the form 

(81) 

«=i 

here is one of an infinite series of real positive numbers, given by 
(60) in terms of qW, which is a solution of (59); may have any 
value so far as concerns the equations of induction, but is determined 
by the initial conditions of the problem. 

In the present case the initial conditions are that the induced current- 
intensity c, and the induced field, are ever57where zero. As regards c, 
the radial component Cf. is identically zero, while (cf. (64) and (62)) 


I — — 4f7TKitacr^)e~'^ — 

2 g. .. f- 


_ 1 


T ^r-'-nti f p — 


]. (82) 


wherein G is given by (58); is obtained from by substituting 
~8SjBind8<f> for dSjdd. Thus c will vanish everywhere, when t = 0, if 
for all values of r from 0 to qa 


1 

nqin+1 


00 





J’n(0") 


-f.aC'i;(ifcV) = 0. 


(83) 


(In (82) the negative signs before C and come from the negative 
signs in (78) and (62).) 

The potential of the induced field in the region r>qa\a 




(84) 


where ^™(0 = —J (86) 

np-tn-i-i. 8~i 

1 being given by (67). The initial condition 

^™(0) = 0, 


( 86 ) 
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together with (83), siiflBlces to determine all the coefficients 7^ as 
multiples of U. 

The determination of 7„g may be effected in more than one way. 
The functions 7^ in (83) may be expanded in powers of r^; since the 
total coefficient of each power of r in (83) must vanish, this gives an 
infinite set of equations, from which the I’s may be derived as ratios of 
infinite determinants. This method, for ja = 1, has been worked out 
by Price. Later he gave a second method, without restriction to fi= 1, 
using the Heaviside operational calculus. Only the results will be quoted 
here. 

The expKcit form of (86) is found to be 


m = 


«+,U 


(n+l)(ia-l) 


( 1 — 


+2(2«+1)^p 2^^^—(87) 
An alternative form of (87) is 


^ ^ - 

n+l[ 




-oc^ 


v + 


(2«+l){7’„_i(&Va®)/^»(*Va^)}+»(A*-l) 

I 0/0 I IN 72 "^ 

+2{2n+l),.k 2 {^-l)in^,+n+l)-kU^a^}^^ ' 

(n+lX,,- !)] 

«■/<.+«+i J* 

Likewise the expression found for is 

c, = ^ I’nim 

^ n+i^ ee\ 


(87 a) 






which reduces, when ju. = 1, to 

c, = W__Wr!)_e-<«*4- 

* n+l'^ d6\ 7;_i(AYa*) ^ 

2(2n+I) ^ /ooN 
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Should h coincide with one of the numbers k^, say with k^^, the 
term s — p must be omitted in (88), and the first term within the 
bracket must be replaced by 

Likewise in (87) the term s = p must be omitted from the sum, and 

—2(2w+l)^Pfe-“»g< /87b^ 

{»(ju—l)(?i)aH-»-)-l)— k^q^a^}4!TTKiL ^ 

aided to the first term. In a sense this case corresponds mathematically 
to resonance in a -vibrating system, but in the present case there is of 
course no physical phenomenon analogous to resonance, because 
regarded as a function of k, has in general no exceptional character when 
k coincides with k^a for any s. 

When ju = 1, 71 = 1, = 0, as in the case of the main harmonic 

in the field, the equation (61) for the roots reduces to J^(x) = 0 
or sin a: = 0, so that 


x„a = STT, k,% = —s^yq^a^, 
a„3 = shT^l4^Kq^a^ = s^A, (89) 


where, as in § 7, A = irl^Kq^a?. 

If in (87) a = a„p = p^A, the expression (87,87 b) for the function 
(0» which now (n = 1, m = 0, ja = 1, a = p^A) will be denoted by 
may readily be transformed to 



. 21— ^2 
12jp' 


' a^l 


e-s*A/ - 

S^(s2_jj2) ’ 


(87 c) 


the term s = p being omitted from the summation. 

Price has shown that the function has the following properties: 

(a) <f>(0) = 0 and <f>'(0) = nq^”'+^oi/{n-}-l), which is essentially' posi¬ 
tive; hence (84) has initially the same sign as (78). 

(b) ^(i)->• —l)/(7ija-|-«+l) as t-^oo; this corresponds to 
the field of the permanent magnetization induced by the ultimately 
steady external field; it vanishes if p = 1. 

(c) has only one maximum value, which occurs at the time t 
such that <l>{t) = 0(f), where 




nip,— l)(7i^-j-M.-l-1)— 


(n+l)(p-l) \ 

np+n-\-\ )’ 


(90) 



748 ELECTBOMAGNETIC INETTCTION WITHIN THE EARTH Chap. XXH 

The function is the limit to which tends as a oo, i.e. as the 
change in the external field becomes instantaneous; decreases 
steadily from to <j>{<x>) as t increases jErom 0 to oo. It follows 

that the graphs of ^{t) and are as shown in Fig. 4; the maximum 
of ^{t) will be less, the slower the rate of change of the external field. 



The series in the expressions (87), (87 a) for and (90) for converge 
rather slowly when t is small. Price has shown how to obtain alterna¬ 
tive expressions which converge rapidly for small values of t. These 
expressions are very simple when n = fji,= 1, namely 


m = i(l-e-“')-^,(l-a<-e-«')-l- 


+ 


im- 




2 . 2.2 

6.7.9 




3f 


27TqaAj \kI 87T/cg'%®’ 


(«<)*... j, (91) 

(92) 


When the function <1> has been determined, the induced field corre¬ 
sponding to any inducing field e(t) can be found without expressing 
e(t) in terms of exponentials, by Tising the definite integral formula 

t i 

i{t) = ^ J e(<— »)<!>(«) du = €(<)®(0)-f- J e(<—t*)0'(tt) du, (93) 
0 0 
given by Price [11, p. 244]. 
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22.21. Plane-earth induction problems. The preceding discus¬ 
sion, of "sphericar induction problems is necessary for an accurate 
treatment of the induction of world^wide systems of earth-currents, by 
world-wide varying geomagnetic fields (like S, L, and parts of the D field). 
The treatment becomes increasingly difficult, however, the greater the 
local variations in the field-distribution. Hence it seems impracticable, 
without immense labour and the inclusion of very many spherical 
harmonic terms, to discuss accurately the earth-currents associated with 



Pig. 5. Illustrating the apparent and true heights of a linear electric current in the 
upper atmosphere, flowing parallel to the ground (perpendicularly into the paper), as 
inferred from the magnetic disturbing vector observed at two points A, A' on the ground, 
in a plane normal to the current. The arrows marked AF^ represent the true magnetic 
vectors due to the external current; lines drawn at right angles to them give the true 
location of the current. The vectors AF are the observed magnetic disturbing vectors, 
which are the vector sums of AF^ and of APj, the vector due to induced currents in 
the ground; AF^ has a horizontal component in the same sense as AF^, and a vertical 
component in the opposite sense. The apparent location of the overhead current, 
inferred from AF, is too high 

the D field near the auroral zones. In such cases it is often possible to 
make some progress by considering a ‘model’ in which the local features 
of the field are represented, but relative to a plane earth. Several simpli¬ 
fied induction problems intended to illustrate earth-current phenomena 
in polar latitudes have been considered by Price, Vestine, and El Wakil, 
but the results (some of which are not yet published) will not be in¬ 
cluded here. 

In conclusion, we may refer to the currents induced in the earth 
(treated as having an infinite plane surface) by a varying current i 
along an infinite rectilinear path parallel to the earth’s surface; if t is 
periodic, the field of the induced currents, at the earth’s surface, will 
be periodic \rtth the same period; apart from a moderate difference of 
phase, they will increase the horizontal and decrease the vertical com¬ 
ponent of the external periodic field. Chapman [9.19] has pointed out 
that this will cause the height of the currents along the auroral zone, 
when calculated by the method of Birkeland (p. 318), to be over¬ 
estimated. This is illustrated by lig. 6. 
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THEORIES OF THE SOLAR AND LUNAR DAILY MAGNETIC 
VARIATIONS (Sg AND L) 

A, THE DYHAMO THEORY OP S AND L 

23.1. The external part of the and L fields. In this chapter we 
discuss the physical theories that have been proposed to account for the 
daily magnetic variations, solar and Irmar. The part of their fields 
which is of internal origin is attributed to electric currents induced 
in the earth (Oh. XXH) by the external part, so that only the latter 
has to be considered here. 

The solar daily variation may be divided into a part S^, observable 
in its pure form on quiet days, though present also on other days, and 
a part associated with magnetic disturbance; Sjy will be discussed 
in Chapter XXV, as part of the disturbance field. In this chapter, 
therefore, the discussion relates to the external part of the and L 
fields. 

It is convenient to take as our starting-point the very able and lucid 
discussion by Stewart [1] in an article on ‘Terrestrial Magnetism’ in the 
Encyclopaedia Britannica, 9th ed., 1882. He did not distinguish between 
S and S^, but this does not affect his arguments. 

23.2. Untenable hypotheses. Stewart dismissed the hypothesis 
[16] that the daily magnetic variations are due to direct magnetic 
action by the sun, because the observed variations are not of the type 
that such action would produce. From Hale’s researches on the 
sun’s magnetic field (6.13) it would appear that the sun may possess 
a magnetic field, but that this is altogether too weak to produce an 
observable daily variation at the earth’s surface; its intensity at the 
sun’s surface is of the order 60 P, so that, if it decreases as the inverse 
cube of the distance, its intensity at the earth cannot exceed 0-4 y; 
actually the Mount Wilson researches indicated that the sun’s magnetic 
field decreases outwards still faster than this (presumably because of 
electric currents in its atmosphere), though there seems to be some 
doubt as to these results. 

Faraday [14] found that oxygen is paramagnetic, and becomes less 
so when heated; he suggested that the change in the paramagnetism 
of the oxygen of the atmosphere, due to the daily heating and cooling, 
may be responsible for the observed daily variation of the earth’s field. 
Stewart pointed out that this associates S with the main mass of the 
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atmosphere, and that the sun’s heating effect on the atmosphere as a 
whole cannot vary to the extent required (on Faraday’s hypothesis) to 
explain the variations of S in the comse of the sunspot cycle. Again, the 
hypothesis would involve a well-marked annual variation of the earth’s 
field, of opposite phase in the northern and southern hemispheres: 
actually the aimual and semi-annual variations in the field are of a 
different nature, and very small. Schuster subsequently added a further 
argument, which is conclusive against Faraday’s hypothesis; the para¬ 
magnetism of the air is so small that the change in the surface field 
would be insensible even if the whole of the atmosphere were removed. 

Christie, Moser, and de la Rive supposed [16] that the sun’s heat 
produces thermo-electric currents in the atmosphere and the earth’s 
crust, and that their magnetic field is responsible for S. Stewart re¬ 
marked that ‘it is not easy to perceive how we could have thermo¬ 
electric currents in the upper regions of the atmosphere’, and rejected 
the idea that such currents in the earth’s crust can be the cause of S, 
because it seems impossible to allow that any solar heating action on 
the earth’s crust can be as much greater at sunspot-maximum than at 
sunspot-minimum as S is found to be. 

Schuster’s subsequent proof [2] of the external origm of S precludes 
the view, which has often been proposed, that S is primarily due to 
earth-currents. In his second paper [3] on S, Schuster disposed of 
another suggested cause, showing that neither the regular nor irregular 
magnetic variations can be due to the motion of masses of electrified 
(charged) air, on any scale likely to occur in the atmosphere. 

23.3. Stewart’s dynamo theory. Stewart concluded ‘by the 
method of exhaustions’ (§ 128) that the v^er atmosphere is the most 
probable seat of the solar action that produces S; his chief reason was 
that neither the solid earth nor the lower atmosphere is affected by the 
sun in any way that changes greatly in amount, like S, from sunspot- 
mioimum to maximum. He further remarked that ‘ the only conceivable 
magnetic cause capable of operating m such regions must be an electric 
current’, and ‘we know from our study of the aurora that there are 
such currents in these regions—continuous near the poles and occa¬ 
sional in lower latitudes’. Hence he proposed, as the primary cause of 
S, ‘that convective currents established by the sun’s heating influence 
in the upper regions of the atmosphere are to be regarded as conductors 
moving across lines of magnetic force, and are thus the vehicle of 
electric currents which act upon the magnet’ (§ 124). It might be 
objected that these regions were insufficiently conducting, but Stewart 
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thought there was ground for imagining that ‘their conductivity may 
b® much greater than has hitherto been supposed’ (§ 128), and quoted 
(§ 141) some experiments by Hittorf on the subject of conductivity in 
rarefied gases. 

It is convenient to term Stewart’s hypothesis the (atmospheric) 
dyvamo theory, because the supposed action is similar to that of a 
dynamo, in which the earth itself is the magnet, and the moving air is 
the armature, of which the windings are represented by the convected 
conducting ionosphere. 

Stewart did not work out this theory in any detailed quantitative 
way, but drew some analogies between the S field and the distribution 
of temperature and convection in the lower atmosphere (§ 129), though 
recognizing that in the upper regions these phenomena may have a 
rather different character. He seemed to refer the sunspot cycle of 
change in S to a variation in the rate of convection in the upper atmo¬ 
sphere, corresponding to changes in the temperature-variation; he 
accounted for the absence of such a sunspot cycle of change in the 
lower atmosphere by supposing that at sunspot-maximum the water 
content of the atmosphere is increased, and that this prevents an 
increase in the amount of that part of the sun’s radiation (supposed 
to be more intense at such times) which reaches the lower atmosphere. 
He suggested (§ 148) that the S and L fields change more rapidly by 
day than by night because the conductivity of the air is greater over 
the sunlit hemisphere than over the night hemisphere. He recognized 
(§133) that parts of S may be due to secondary electric currents induced 
in the earth. 

As regards L, he stated (§ 146) that since it varies as nearly as possible 
inversely as the cube of the moon’s distance from the earth, ‘it is 
impossible to refrain from associating it either directly or indirectly 
with something having the type of tidal action, but in what way this 
influence operates we cannot tell’. In a later passage (§ 148) he implied 
that L is due to electric currents in the upper atmosphere. 

23.4. Schuster’s development of the dynamo theory. Schuster 
[3] put the dynamo theory into a quantitative form. He first showed 
[2] by mathematical analysis of the observations that the greater part 
of S is of external origin, and that the inner part can reasonably be 
attributed to earth-currents induced by the varying outer field. He 
also showed later that the external electric currents are of the type that 
would arise if convective air-motions, such as axe observed at ground- 
level, exist in the conducting layer, and on this assumption he estimated 
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the total conductivity of this layer [3]. He also contributed, along with 
other physicists of his time, to our present knowledge of ionization and 
electrical conductivity in rare gases. He ascribed the conductivity of 
the upper atmosphere to the ionizing power of solar radiation, which he 
supposed to be increased at times of many sunspots; ‘the most plausible 
cause’, he suggested, was the sun’s ultra-violet radiation. 

He remarked that the electric currents producing the magnetic 
variations circulate only in the upper layers of the atmosphere, where 
the pressure is too small to affect the barometer. This has been con¬ 
firmed in recent years by radio measurements, which show that the 
main ionized layers, in which the currents must flow, do not extend 
downwards much below a height of 100 km. (Ch. XV), although there 
may be ionized layers below this, of a kind less easily detectable by 
radio observations, because the electron density in them is very small 
compared with the ionic density. Schuster recognized that the observed 
barometric variations and the observed magnetic variations originate 
mainly in different layers, at low and high levels respectively, and that 
these layers may to some extent oscillate independently; while he 
found it possible to give a good account of the observed S field by 
supposing that the whole atmosphere has one united oscillation, he 
remarked that ‘there are certain difficulties which are most easily 
explained by assuming possible differences in phase and amplitude 
between the upper and lower layers. If the two oscillations are quite 
independent, the conducting power, depending on the now unknown 
amplitude of the periodic motion, cannot be calculated, but must still 
be large, unless the amplitude reaches & higher order of magnitude than 
we have any reason to assume’ ([3], p. 164). 

In the mathematical development of his theory, Schuster assumed 
that the ionization and conductivity of the atmosphere vary with the 
sun’s zenith angle, being greater by day than by night, and in summer 
than in winter. He pointed out an apparent difficulty in supposing that 
the observed atmospheric oscillations can produce the observed 
magnetic variations: the main term in the daily barometric variations 
is semi-diurnal (i.e. of 12-hour period), and though there is also a 24- 
hour term, this is usually small, especially over the great sea area 
of the globe (cf. 16.12), whereas in S the 24-hour term is in general 
much greater than the 12-hour term. He stated that the daily variation 
of the conductivity helps to overcome this difficulty, because the 
12-hourly convection, combined with the varying conductivity, can 
produce an appreciable 24-hour periodicity in the magnetic change, 
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whereas the 24-hoiirly convection does not contribute appreciably to 
the 12-hourly magnetic change. He was, however, driven to assume 
either that the atmospheric oscillation of the upper layers is greater in 
summer than in winter, and is to that extent independent of the 
oscillation of the lower layers, or that the ionizing power of solar 
radiation is in some degree accumulative, and that atmospheric con¬ 
ductivity is therefore ‘not completely determined by the position of the 
sun at the time’. 

In his mathematical analysis Schuster took account of both the 
diurnal and semi-diurnal oscillations, basing his numerical applications 
on Hann’s formida for the daily barometric change at the equator, 

namely 0-3sm(^-f«o)-l-0-92sin{2(^-|-io)+166°}, ( 1 ) 

measured in millimetres of mercury; here = Greenwich mean solar 
time, increasing from 0 to 360° from midnight to midnight, <f> — eastern 
longitude, and t = = local mean solar time. Schuster took these 

two terms to correspond to terms P\ and P| in the velocity potential 
of the oscillations. Tirst treating the conductivity as the same all over 
the earth, he deduced for the magnetic potential a value which, 
expressed in terms of Schmidt’s harmonics (17.4), is 

Z-a{13-7Pi cos(.^4-<o- 180°)+24-8P| cos 2(^+<o-102°)}, (2) 

where K denotes the conductivity integrated through the thickness of 
the layer, and a denotes the earth’s radius. Comparing this with his 
own determination of the principal terms in the potential of the 
observed S field, namely 


10-«a{l64Picos(^-f«o-166°)-f71P|oos2(^-f«o-74-6°)}, (3) 


he deduced K = 11x10“® from the diurnal term, and K = 3x10“® 
from the 12-hour term. The calculated phases for the 24- and 12-hour 
terms lag behind the observed phases by 1'6 hours and 1-8 hours. 

He proceeded to recalculate the magnetic potential on the assump¬ 
tion that K varies as l-J-cos^, where x fhe sun’s zenith angle; he 


was thus able to account better, though not completely, for the observed 
preponderance of the 24- over the 12-hour term in the magnetic varia¬ 
tions. His final value for K at the equator at noon was 3 x 10“* electro¬ 
magnetic units. 

Heexaminedtheinfluenoeofself-induction,and(takingir = 3x 10“®) 
found that it would reduce the calculated value of the magnetic potential 
by about 14 per cent.; it would also retard the phase, by about 1 hour 
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for the diurnal and hours for the semi-diumal term, increasing by 
these amounts the phase-discrepancies already noted. 

He also examined the influence of the obliquity of the axis of the 
main magnetic field (the field of the atmospheric dynamo) on the S 
field, which shoidd on this account include a part not dependent solely 
on local time. He did this ‘somewhat in detail as it will giv^e us a good 
test of the proposed theory when suitable observations will be avail¬ 
able’ (p. 170). He concluded that ‘the new terms come well within the 
range of our observational powers. It would be interesting to trace 
them, but it should be remarked that only observations made near 
the equinox are suitable for the purpose, as the seasonal terms . . . 
would otherwise interfere’ (p. 172). 

Hrom his inferred value of X, he deduced the value 10““ e.m.u. 
for K, the specific conductivity, by assuming that the thickness of the 
conducting layer is 300 km.; he regarded 10~“ as a not impossible value 
for the speoifio conductivity of the air at high altitudes. 

He su^ested that the heating effects of the S system of atmospheric 
electric currents should be appreciable, and might help to explain the 
isothermal character observed in the (lower) stratosphere; these heating 
efiects have since been discussed by Chapman [5, 13], and foimd to be 
unimportant. 

Schuster [3] concluded by urging a further and more accurate test 
of the theory: ‘the most promising fine of attack seems to me to be the 
investigation of the diiunal variation near the equator, where ... it 
should not only vary with local time, but possess a term depending on the 
time of the meridian which passes through the magnetic axis’ (p. 18d). 
He also urged the desirability of further investigation of L, remarking 
that ‘it is quite possible that the effects may depend on a tidal dis¬ 
turbance of the upper regions of the atmosphere. If so, we may expect 
to get a valuable test of our theory by their investigation’ (p. 181). 

23.5. Later investigations of the dynamo theory of S and 
L. Schuster’s spherical harmonic analysis of the S field was later 
repeated by BVitsche, Walker, van Vleuten, van Bemmelen [20.2-6], 
and Chapman; the two latter also analysed the L field. A critical ac¬ 
count of the work of the other writers here cited is given in Chapman’s 
two papers [4, 6] on the analysis, ,and on the dynamo theory, of the 
S and L fields. In these papers Schuster’s mathematioal theory of S was 
extended by using a more general expression for the dependence of 
K on the sun’s zenith distance, namely 

H = Ho-f-jBTiCos (^) 
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The last term, which was absent from Schuster’s formula, enables a 
greater difference in K between day and night to be represented, and 
led to a better theoretical agreement with the S data, particularly for 
the third and fourth periodic components. The theoretical discussion 
of atmospheric ionization in Chapter XV, however, shows that though 
the rate of ion-j^oduction doubtless mainly depends on cos the dis¬ 
tribution of ion-ccmierd (and conductivity), which depends also on the 
ionic and electronic recombinations, will not be symmetrical with 
respect to the meridian plane through the sun. Consequently K must 
involve also terms in sin;(;; indeed it must be a function of the separate 
variables 6 (the co-latitude) and <t> (the longitude or local time), and 
not simply a function of x- 

23.6. The phase>law in L. Chapman also discussed the dynamo 
theory of the L field, and showed [8.5] that it readily accounts for the 
peculiar monthly cycle of change of phase of the non-semi-diurnal com¬ 
ponents of L (Oh. VIII); these components mathematically express the 
intensification of the L field over the sunlit hemisphere, due to a purely 
semi-dimnal lunar tidal convection in an atmosphere whose conduc¬ 
tivity depends on solar time. The essence of this phase-change can be 
understood by considering the product of a factor asin(2T-f a) repre¬ 
senting the tide (r denoting here lunar time, increasing by 277 per lunar 
day) with a factor 

*o4-*iSin(<+i8i)-|-^aSi«(2<4-)S2) (S) 

representing the conductivity K expressed as a function of solar time t 
(increasing by 277 per solar day) instead of as a function of the zenith 
angle X' The product, which will indicate the periodicity of the com¬ 
bined effect (such as the induced electric currents and their magnetic 
field), may be evaluated by formulae similar to 16 (16); it is of the form 

iboasin(2T-j-a)-f 

-|-Cjsin(2T”^-|-€2)-{-C3 sin(2T-|-i-j-€0)"f- 

-|-CjSin(2T—2<-feo)-f-C4sin(2r-i-2i-|-€4). (6) 


The lunar day is about 60 minutes longer than the solar day, and there¬ 
fore the solar time t increases slightly faster than the lunar time r. 


Let (p. 163) 


t = T-f-v; 


(7) 


then the variable v increases uniformly with the time, by 277 in the 
course of a lunar (synodic) month, because in this period the moon 
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completes one circuit of the earth, and the number of solar days is one 
more than that of the lunar day. Making this substitution for t, the 
above expression may be written: 

sin(2T-l-a)—C q sin(2v—sin(T—v+ei)+ 

-fC 3 sin( 3 T+v+e 3 )+C 4 sin( 4 T+ 2 v 4 - 64 ). (6 a) 

This shows that the luni-solar action produces a variation which 
includes a semi-diurnal component of constant phase (relative to the 
lunar time t), and non-semi-diurnal components which change in phase 
by ±277 or by ±47r throughout the month, as described in Chapter 
VIII; in addition there should be a change of fortnightly period. 

It is convenient to take i/ = 0 at new moon, when the sun and moon 
are on the same meridian. 

23.7. The dynamo theory of the L field. The dynamo theory 
of the L field [7.1] can be di scussed more definitely than that of the S 
field, because of the greater certainty as to the period of the convective 
motion in the lunar case; all the available evidence indicates that the 
lunar tidal convection must be semi-diurnal, whereas the solar daily 
convection may include other frequencies as well. Hence it is possible 
to show conclusively that the dynamo theory of L is not in conformity 
with observation, if the tidal convective motion in the ionosphere has 
the phase indicated by the lunar semi-diurnal barometric variation 
observed at the ground (cf. 18.12). The latter is expressible in the form 

cisin(2<±a!), 

where a, in the mean of a year, is rather less than 90°; it varies from 
about 56° to 110° at different stations, but the mean may be taken as 
about 80°. If the tidal pressure variation has the same phase in the 
ionosphere also, and if the conductivity is a simple function of the sun’s 
zenith angle x> with its maximum immediately beneath the sun {x = 0), 
then at new moon the time-factors of the various periodic terms in the 
magnetic potential of L should be sin(»T±170°), except for a not very 
large correction due to self-induction. Actually the time-factors for 
these terms are all approximately the same, namely sin(n.T±348°). 
The discrepancy of phase is nearly 180°, indicating either that the lunar 
tidal convection is reversed at high levels, or that the simple dynamo 
theory of L is not valid. Recent studies of atmospheric oscillations make 
the former conclusion the more probable of the two, particularly since 
no alternative non-dynamo theory of L is available. 

If, however, the lunar atmospheric tide is reversed at high levels, 
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lere is no reason to suppose that the amplitude or speed of the tidal 
rculation in the ionosphere is the same as near the ground. 

Chapman [7.1] revised Schuster’s estimate of K, the integrated con- 
ictivity of the ionosphere above the place vrliich has the sun at its 
mth; he based the estimate on L instead of S, because of the definite- 
5SS of the period (at least) of the atmospheric osciUation concerned; 
suming that the speed of the tidal circulation is the aa/me as at the 
ound, he found that K must at sunspot-mazimum approach the value 
5 X 10~® e.m.u., nearly ten times that found by Schuster. If, however, 
e circulation in the ionosphere is / times as rapid as at the ground, 
is estimate of K must be divided by/. 

23.8. Comparison with radio data. The height-integral K of the 
ictrical conductivity k for the E and F layers of the atmosphere has 
•eady been discussed in Chapter XV. It was pointed out by Pedersen 
5.21] that for current-flow along the direction of the earth’s magnetic 
Id the value of k is independent of this field, but that for current-flow 
any other direction the conductivity is reduced by the field. The 
luction is greatest for the directions transverse to the field; the con- 
ctivity in such directions will be denoted by (specific) or 
tegrated with respect to height). In the ionosphere the conductivity 
parallel to the field (denoted by Ky) may be much greater than k^. 
was first pointed out by Pedersen, a correct mathematical develop- 
mt of the dynamo theory should take account of the difference 
bween ffy and k^, by considering separately the effect of the electro- 
>tive force components along and perpendicular to the field; this has 
b yet been done. The distributions of the electric current-flow and 
ignetio intensity which have been deduced on the assumption that k 
independent of the direction will need some modification. The 
:rent-flow in the ionosphere must be mainly horizontal, and there- 
e except at the magnetic equator it must have a component trans- 
rse to the magnetic field; and even on the magnetic equator the flow 
1 be largely transverse to the field. Hence, since the total fall of 
bential round a current-cirouit, due to resistance, is mainly deter- 
ned by the more resisting parts of the circuit, the current-intensity 
the ionosphere is likely to depend more on the reduced transverse 
iductivity, k^, than on /cy. Consequently, the value of k inferred from 
hould be compared with the estimate of kj, in. Chapter XV, rather 
in with K||. 

Dhe maximum estimate of Kx based on radio data (16.11) was 
XlO~^ e.m.u.; this is the ionic contribution to Kx, and is almost 
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entirely due to the E layer, and the lower part of the layer; tht 
ionic contribution of the F^ layer, and the electronic contributions oi 
both the E and F layers, were found to make negligible additions to 
The above estimate of assumed that in the E layer the ratio 
of negative ions to electrons, denoted in 16.8 by A, is of the order 100. 
Thus the maximum estimate of Kj^ from the radio data, 1 -2 x 10“® e.m.u., 
is not much less than the value of required by the dynamo theory 
of L, assuming that f, the ratio of the horizontal lunar tidal velocity 
of the air in the ionosphere', to that at the ground, is equal to 1. 

According to Pekeris [7] the value off, the amplidoation of the tidal 
circulation in the ionosphere, may be as large as 100, in which case A 
in the E layer would not need to be estimated as more than unity; the 
reversal of the phase of the tidal circulation in the ionosphere, indicated 
by L, is also in accord with his calculation of the tidal oscillation. 
But Appleton and Weekes [8] find from radio measurements that the 
height of the E layer is greatest at the lunar upper and lower transits, 
suggesting that the phase of the lunar semi-diurnal variation of 
presmre is similar to that observed at the ground. The lunar semi¬ 
diurnal variation of height which they find is ±1 km., which is sur¬ 
prisingly large, and at present very difficult to explain. It suggests that 
the factor / may be even greater than 1000. 

At present, therefore, the explanation of the observed phase of L is 
uncertain, and there seems to be almost enough transverse conductivity 
in the ionosphere to explain the amplitude of L without assuming any 
magnification of the lunar tidal air motion. 

The dynamo theory of L is the only available theory that seems likely 
to be true; but it cannot be considered complete until the theory of the 
atmospheric oscillations is properly understood. Some uncertainty 
must attach to the latter theory, and to the estimate of/, until the large 
annual change in the phase of the Irmar atmospheric tide (16.12) has 
been explained. 

If the dynamo theory of L is adopted, the magnetic data may be said 
to indicate the value of A'j, v, where v is the average magnitude of the 
lunar tidal convective velocity in the ionosphere. If Kj_ can be inferred 
from the radio data, then the combined radio and magnetic data 
provide the value of v as a datum for the theory of the atmospheric 
oscillations. If, on the other hand, the latter can provide a satisfactory 
value of V, then together with the magnetic data it affords an estimate 
of Kx,\ this in its turn indicates the value of the factor A, which is stiU 

uncertain so far as the radio evidence goes. 

ast6.so n gr £ 



760 SOLAR AND LUNAR MAGNETIC VAEIATIONS Chap. XXIII 

23.9. Daily and seasonal changes of the ionospheric conduc¬ 
tivity. The velocity potential of the lunar tidal circulation was taken 
by Chapman to be proportional to the harmonic function P|; this choice 
was made partly for mathematical convenience, but is unlikely to be 
far firom the truth. This velocity distribution, in conjunction with the 
assumed distribution of if, determines the relative magnitudes of the 
various periodic harmonic terms in L; the theory indicates, in good 
agreement with observation, that the main terms will be PJ, P§, P|, PJ. 
If K had the form considered by Schuster, namely 

K oc l+cosx. (8) 

the calculated coefficient of the fourth harmonic in L,P^, would be 
much smaller than is observed. Chapman took 

K oc l+Scos^+lcos^X = (1+fcosx)®, (8) 

which is never negative, and gives a much greater ratio of day K to 
night K than does Schuster’s expression. Though Chapman’s expres¬ 
sion certainly does not closely agree with the variation of K, as suggested 
by radio data or by the theory of 16.7, it leads to a very fair representa¬ 
tion of the relative importance of the first four harmonics in L; the 
calculated relative coefficients are proportional to 44, 60, 33, and 9, 
and their ratios to the observed coefficients are 1-0, 1-0, 1'3, and O'S; 
not much change would be required in the formula for K to make these 
four numbers equal. 

The formula (9) implies a considerable seasonal change in the daily 
variation of K at stations in middle and high latitudes, and the theo¬ 
retical predictions as to L, based on this formula, include a seasonal 
change in L; the theory indicates that this should be represented mainly 
by harmonics of the form P\, PI, P|, Pf, which is in agreement with 
observation (Ch. XX); but the ‘observed’ coefficients of these har¬ 
monics are much larger than the calculated values, assuming that the 
atmospheric tide has no seasonal variation. 

As stated in 16.12, the lunar atmospheric tide at the ground has an 
animal variation, consisting largely of a notable change of phase from 
the June to the December solstice; but it has no important sfosoml 
variation, meaning an increase of amplitude in one hemisphere and a 
decrease in the other, following the motion of the sun to and fro across 
the equator. Thus the unexpectedly large seasonal variation of L 
seems to require that there is a decidedly larger seasonal variation of 
K in the ionosphere than the formula (9) would imply. 



§9 CHAITGES OS' IONOSPHERIC CONDUCTIVITY 761 

This is some'what lemarkable, since the formula (9) already corre¬ 
sponds to a greater seasonal variation of K, except in high latitudes, 
than the radio data would suggest. The latter seem to agree quite 
well, as regards the seasonal variation, with what is indicated by the 
simplest form of theory of the ionization of the ionosphere (16.7), 
according to which the noon ionization should vary approximately as 
Vcos X in the E and F layers; K also may be expected to vary in roughly 
the same way for these layers. It is of interest to compare the seasonal 
variations implied by Vcos x ^'Hd. by (9), for a latitude similar to that 
of Greenwich, say 62°. The ratio .KwinteiZ-^^tunmor as derived from the 
Vcosx formula is a/(cos61°/cos15°) or 0-71, and from the formula 
(l-ffcos^)^ is 0-60, implying a considerably larger seasonal variation 
in the latter case. 

23.10. The differences between the S and L fields. The solar 
daily convection in the ionosphere is unknown, and also we do not 
know whether S and L are produced in the same ionospheric layer. If 
we suppose that the solar convection is semi-diurnal, of type P|, like 
the lunar, and that S and L are produced in the same layer, then although 
we may not know the phase difference between the solar and lunar 
convections, we may infer that the main terms in the harmonic expres¬ 
sions for S and L wiE be of the same type, and will have approximately 
the same relative magnitudes and the same phase-differences inter se 
in the two expressions. Actually it is found from the observation and 
analysis of S and L that the principal harmonics are the same in each, 
but that their mutual relations are different. 

This is shown by the following table of ratios of ‘observed’ solar 
■®n+i to lunar for the annual harmonics PJi+i (Ch. XX). 



PI 

PI 

PI 

p\ 

Kqiiinox . 

21-8 

10*4 

10-0 

7-6 

Solstice . 

18-5 

10*2 

10-0 

7-3 


The ratios for the last three harmonics are in moderate agreement, but 
the ratios for the first harmonic seem to preclude the conclusion that 
the solar daily ionospheric convection is purely semi-diurnal. This 
whole set of ratios might be explained by supposing the solar convective 
motion to include both a 24-hour and a 12-hoiu wave, the 12-hour 
wave having twice the amplitude, and maxima coinciding with the 
extreme values, of the 24-hour wave. 

The seasonal harmonics in the S field will next be considered. 
They are, relatively to the annual harmonics, only about one-third 
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as large in S as in L, as is shown by the following table of ratios of solar 
to lunar 

P\ PI PI Pi 

7-6 3-4 4-1 (14-7) 

This set of ratios should be compared with those given above for the 
‘annual’ harmonics In amplitude the S seasonal harmonics agree 

reasonably well with the theory based on the formula (9) for K. But 
the difference between S and L in regard to these seasonal harmonics 
implies that, if the S and L fields are produced in the same layer, the 
two convective circulations have different seasonal variations; if the 
lunar tide has no seasonal variation, then B must have a greater seasonal 
variation than is given by (9) or by the radio data, and the solar daily 
circulation in the ionosphere must have a seasonal variation which 
neutralizes two-thirds of the seasonal variation of S due solely to IC 
and to the annual mean daily circulation. 

Chapman has maintained that S and L are produced in different 
layers of the ionosphere, because of their different modes of variation. 
Besides this difference in their seasonal variations, S and L are unlike 
in other ways. The variation of S in the course of the sunspot cycle is 
much greater than that of L (Ch. XVTII); there may also be a difference 
between their variations with magnetic activity, though some of the 
evidence on this point brought forward by Chapman is rendered doubt¬ 
ful by the work of Bartels and Schneider (19.7). 

The difficulty of explaining the differences between the S and L 
fields, in a way compatible with a dynamo theory of each, cannot 
however be overcome merely by saying that the two fields are produced 
in different layers, and attributing the necessary characteristics to the 
conductivity and the periodic convection (solar or lunar daily) in each. 
If possible the supposed S and L layers should be identified with one 
or both of the B and B layers, or with some other layer, perhaps below 
the B layer, for which independent evidence is available; and their 
supposed conductivity, or at least its distribution and temporal varia¬ 
tions, should agree with what the radio data indicate. Further, the 
hypothesis that S and L are produced in different layera must be under¬ 
stood as meaning that each is mainly produced in one layer; the lunar 
tidal convection must presumably occur also in the layer in which S is 
mainly produced, and this layer must therefore make some contribution, 
though only a minor one, to L. If the solar and lunar daily convections, 
however, bear the same ratio {q, say) to one another at all heights in 
the ionosphere, it seems necessary that their magnetic effects should 
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be in the same ratio q, and that S and L should both be produced in the 
same (the most conducting) layer; the differences between S and L 
seem to imply therefore that there are important variations in the 
relative magnitude of the solar and lunar daily convections at different 
heights in the ionosphere. 

In an attempt to overcome some of these difficulties, Chapman was 
led (partly by his now perhaps doubtful data indicating a large depen¬ 
dence of L on the magnetic activity) to suggest that L is produced 
primarily in high latitudes, and that the L current-system in the 
middle belt of the earth is induced there by the primary currents in 
high latitudes; later work on the theory of electromagnetic induction, 
by Chapman and Price [22.10], does not favour this hypothesis, 
and it remains most hkely that the L current-system in the ionosphere 
is produced directly in situ by the local lunar atmospheric tide. The 
difficulties in explaining the different characteristics of S and L 
on the basis of the dynamo theory therefore remain unsolved, but no 
alternative theories of S and L are available which seem to offer fewer 
or less formidable obstacles. 

The recent work by McNish (10.3, 16.6) on the augmentation of the 
S current-system, at times when there are solar flares of ultra-violet 
light accompanied by radio-fading, seems to indicate that the S currents 
flow in or below the E layer. If the main L currents do not flow in 
this layer, they must presumably be situated at a higher level, and the 
speed of the lunar tidal current in the higher layers must be supposed 
greater, relative to the solar daily convection, than in the S layer; 
this is rather different from what the great (solar) daily changes of 
height of the layer would suggest; these would seem likely to be 
accompanied by greater horizontal motions than occur in or below 
the E layer. 

23.11. A qualitative derivation of the L current-system from 
the tidal motion. In § 12 the mathematical dev6lox>ment of the 
dynamo theory is briefly described, but it seems useful to preface that 
, account by a qualitative and graphical explanation of the theory, in 
a manner due to Chapman [10] (subject to a correction by Bartels— 
ref. Gl2, p. 636). Kg. 1 illustrates the dynamo theory of L by four 
schematic diagrams, showing the terrestrial distribution of various 
atmospheric properties, as seen &om the moon; the diagrams showing 
the distribution over the other hemisphere, as viewed from the opx)osite 
direction, would be identical. 

The moon is for simplicity supposed to be in the plane of the earth’s 
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equator, and on the Greenwich meridian. The north and south poles 
of the earth are N and S; the earth rotates from terrestrial west to 
terrestrial east, that is from left to right in the diagrams. The moon is 
rising for points on the meridian NL^ S, and setting for points on the 
opposite meridian NLaS. 

Tig. 1 a shows the lunar atmospheric tide as manifested at ground 
level by the lunar semi-diurnal departure of the barometric pressure 
from the local mean value. The lines in the diagram are lines of equal 
pressure-departure, or isobars. The pressure-departure is supposed to 
reach its maximum (high pressure), at H, and its minimum values (low 
pressure) at and Lg. The air is heaped up ‘under’ the moon, and at 
the antipodal point H'; at the intervening points Lj and Lg there is a 
corresponding deficiency. In showing H as situated immediately 
‘beneath’ the moon, the observed lag of high tide ‘behind’ the moon, 
by about 40 minutes, is disregarded. To malie the diagram conform 
better with observation, the whole pressure system should be rotated 
about the earth’s axis NS, through 10®, so that H moves 10® towards 
the east (i.e. to the right). In any latitude, as the earth revolves rela¬ 
tive to the moon, carrying any station eastwards (to the right) relative 
to this pressure-distribution, the pressure varies semi-diurnally, from 
a minimum (low tide) on the meridian NL^ S, to a maximum (high tide) 
on the meridian NHS, succeeded by another minimum when the 
meridian NLj S is crossed, and rising again to another maximum on the 
meridian NH'S. 

This lunar semi-diurnal variation of pressure is associated with a 
system of horizontal periodic winds, which are illustrated in Tig. 1 b 
by wind-vectors (arrows) and stream-lines. Over the central meridian 
NHS the winds are westward, and over the meridians NLjS, NLjS 
they are eastward. The winds converge to the point Oi, and diverge 
from the point 0^. On account of the convergence to Oi, the pressure 
at a point passing eastward (owing to the earth’s rotation) through 0, 
will be rising at its maximum rate, from the minimum at towards 
the maximum at H; similarly the pressure is falling at its maximum 
rate as a station passes through the position O 2 . Similar remarks apply 
also to any station not on the equator, as it crosses the meridian NOjS 
(rising pressure) or NO^ S (falling pressure). 

The distribution of wind strength (illustrated only qualitatively 
in Fig. 1 b) is determined by the pressure distribution of Tig. 1 a and 
by the earth’s rotation, which tends to deflect the wind movements. 
This may be illustrated by comparing the distribution of wind on 
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cj ELECTROMOTIVE FORCES d) HORIZONTAL MAGNETIC 

AND CURRENT CIRCUITS FORCES AND LINES 


Pio. 1. Dlagrammatio views of the earth as seen &om the moon, when the latter 1 b In the plane of the 
earth's 6 q.uator; K and S are the north and sonth geographlool poles. The diagrams Illustrate the dynamo 
theory of the lunar dally magnetic variation L, as due to lunar tidal action; 

{a) shows the isobars, or lines of equal barometlo prossuio at the ground, so far as the pressure is affected 
by the lunar gravitational tide-producing field—H refers to areas of pressure above (liigher tlian) tlio 
average, and L to those of pressure below (lower than) the average: the pressure has its average value along 
the meridians NOiS, NOaS, and the oppo^te meridians (see also Iflg. 8 , p. 776); 

( 6 ) i^owB by arrows the direction and the relative magnitude of the horizontal air velocity near the 
ground, In a tidal air wave progressing, with the moon, from east to west; the lines are the stream lines 
showing at each point the direction of fiow there: the greatest westward velodtles occur on titie confral 
meridian, and the greatest eastward velodtles on meridians 90^ away: the motion converges towards Oi 
and diverges from 0 .; 

(a) shows the horizontal dectromoUve forces (indicated by arrows) induced by the horizontal air motion 
across the vertical component of the earth's magnetio field (see also 3B1g. 4, p. 776); the continuous linos 
are the lines of flow of the resulting dectrlc currents, whldi dose their drcults, near tlxe equator, against tlie 
(small) electromotive forces existing there: the current flow endrdes four fool, Vi, P|, F«, F 4 , in the hemi¬ 
sphere visible from the moon, and similar current-flow round four corresponding fod occurs on the opposite 
hemisphere owing to the lunar tidal air circulation existing t^re also; 

(d) shows by arrows the direction and the relative magnitude of the horizontal component of die magnetio 
field at the earth's surface due to a current-system similar to that shown in («), and situated in the upper 
atmosphere: the continuous lines are lines of horizontal magnetio force for this field. 
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(i) a non-rotating earth and (ii) the rotating earth, due to the same 
lunar tidal variation of pressure, taken to be 

0-05sin^5 cos2(TQ-f-(^) (10) 

in millimetres of mercury; here 0 denotes the polar distance, ^ the east 
longitude from Greenwich, tq the lunar time at Greenwich, and 
r = the local lunar time in longitude The southward and 

eastward velocity components of the wind (in cm./sec.), u and v, may 
be calculated from (10) by a method described by Gold [11] and Bartels 
[12]. For a non-rotating earth 

u = — 1-78^1^^008 3 sin 2(to-1-^), v = — l-2sin^^cos2(To-|-^), (11) 

and for the rotating earth 

—2*9cos6sin2(To+^), —(l-2+l*7cos20)cos 2(ro+^). (12) 

On the rotating earth, the wind strength increases towards the poles. 
For instance, in 45° latitude, the strongest winds towards the north and 
west are about equal, 2*0 cm./sec., whereas on a non-rotating earth the 
corresponding values are only 0*6 and 0*4 cm./sec. The time-factors 
in (11) and (12), however, are the same. 

The horizontal components of the electromotive forces (e.m.f.) pro¬ 
duced by the air-motion of Fig. 1 b across the earth’s magnetic field are 
pictured by the arrows in Fig. 1 c. The e.m.f. is the vector product of 
the velocity and the vertical magnetic intensity. Neglecting the 
obliquity of the earth’s magnetic axis, the vertical intensity is directed 
downward in the northern, and upward in the southern hemisphere. 
The law of electromagnetic induction is such that in order to obtain 
the directions of the arrows in Fig. 1 c, for the e.m.f., we have to turn 
the arrows in Fig, 1 b through 90°, anti-clockwise in the northern hemi¬ 
sphere, and clockwise in the southern hemisphere, as viewed from 
above. 

On the equator, where the vertical magnetic intensity is zero, the 
electromotive forces also vanish, and they are small in adjacent 
latitudes. In 46° latitude, where the vertical magnetic intensity is 
about 0-44 P, and ic and v are each about 2 cm./sec., the components 
of electromotive force, both north-south and east-west, are about 0*9 
e.m.u. (or 0*9x 10“® volts/cm.). With a total conductivity K = 10“® 
e.m.u. (== 10® ohm“^) the corresponding north-south or east-west 
current across a horizontal distance of 1 cm. would he about 10“® 
e.m.u. or 10“^ ampere; across a breadth of 3,000 km. a total current 
of 3,000 amperes might flow. This, however, must be regarded as an 
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upper limit, because such a current-intensity could be reached only 
if the voltage and the conductivity vere uniform around a closed 
circuit. 

Por simplicity, we consider the conductivity as independent of 
longitude, decreasing from the equator towards the poles; this is appro¬ 
priate in considering the mean lunar daily magnetic variation over a 
number of whole months, in which the solar influences are averaged all 
round each circle of latitude. 

The current-circuits are derived from the arrows for the e.m.f. most 
easily by considering first the e.m.f. along the central meridian NHS 
and the two meridians NLi S, IJIigS; the e.m.f. along NHS is directed 
towards the equator; along NL^S and iNXijS it is towards the poles. 
The current-flow from to N to H, or from Lj to N to H, is closed by 
currents along the equator, where there is no e.m.f. The hemisphere 
is thus divided into four octants. Por the current-lines inside the octant, 
the circuits are closed by flow ha a direction which near the equator is 
against the e.m.f. (which there is relatively small). The currents 
circulate round four foci, P^, Fj, Pj, P 4 , and there are four similar foci 
in the opposite hemisphere. 

On comparing the current-diagram Pig. 1 c with Fig. 8.4, deduced 
from the obssTved L, we see clearly that, while the general arrangement 
of the current-circuits is the same in the two diagrams, the current- 
directions are opposite. Hence, if the dynamo theory is true, the air- 
motion and the pressure-wave in the ionosphere must be reversed as 
compared with those pictured in Pig. 1 a and 1 b for the ground-level. 

From the overhead caurent-circuits in Pig. 1 c, the directions of the 
horizontal magnetic forces at any point P near the ground, due to these 
currents, are easily obtained by turning the direction of the current¬ 
lines at P anti-clockwise through 90° (Pig. 1 i). The lines of horizontal 
magnetic force thus obtained converge to or diverge from the foci of 
the current-circuits. According to Pig. 1 d, in the equatorial belt— 
between these foci—^the magnetic north component X, in the lunar 
semi-diurnal variaiflon, should have its maximum, about 3 lunar hours 
after the culmination, and outside this belt it should then have its 
minimum. Por stations north or south of the equator, the east com¬ 
ponent T should have its maximum or minimum about the time of the 
moon’s culmination. The actual observations show nearly opposite 
phases (Ch. VIII)—confirming, of course, the comparison of the 
theoretical current-circuits of Pig. Ic with those derived from the 
observations of L. 

3595.30 11 , Qg 
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23.12. Outline of the mathematical development of the 
dynamo theory. A brief outline of the present mathenaatical develop¬ 
ment of the dynamo theory vdll now be given. 

The conducting layer in which the dymamo action is effective is 

treated as a thin spherical shell, of thick¬ 
ness e and electric conductivity k uniform 
throughout the thickness, so that the inte¬ 
grated conductivity K is /ce. Actually the 
value of X depends on the direction rela¬ 
tive to the earth’s magnetic field (§ 8), but 
the present theory does not take this com¬ 
plication into account. 

The position of a point P on the shell, 
at the time t' of a standard meridian, is 
specified (cf. Pig. 2) by the east longitude 
^ relative to that meridian, and by the 
north-polar angle (or co-latitude) d; if t' 
and ^ are reckoned in angular measure 
{t' at the rate 27 t per day), then will 
be the local time t at P, reckoned in angular measure. 

The motion of a medium with velocity v, in the presence of a magnetic 
field H, induces a ‘dynamo’ electric field E, equal to v a H; if the south¬ 
ward, eastward, and upward-vertical components of v are u, v, w, and 
those of H are Hj,, the corresponding components of E (cf. 1.18) are 

(13) 

(14) 
(16) 

In the case of the conducting shell, the vertical component Eg of the 
electric field has little importance; it merely sets up opposite surface- 
charge distributions on the outer and inner sides of the shell, which 
neutralize Eg in the substance of the shell. 

If the motion of the air of the shell is supposed horizontal and 
irrotational, it is associated with a velocity potential H**, such that 



Eg, = vHg—wEj,, 
E„ = wEg,-uHg, 


v=-ll 1 IW 

\dx’ dy’ezj ’ 


and since w = 0, Y is independent of z; also 

dx ~ add’ by ' 


V, = 


0T 


asin^ 0^’ 


(16) 
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w^here a is the radius of the shell. Hence 


= 




ffV 


aBm68<f>’ 


(17) 

(18) 


so that the dynamo field depends only on the vertical component of the 
earth’s magnetic intensity. 

In general, the dynamo field is not of the right type to impel a steady 
current-system in the shell, without accumulating electric charge at 
any point. The existence of a steady current-system, without continued 
(growing) accumulation of charge, implies that the southward and east¬ 
ward components ( U, V) of the current-intensity (integrated throughout 
the thickness e of the shell) are associated with a current-function S, 
such that the ourrent-fiow from left to right, across any element of 
length ds, is (8B/ds)is (cf. 17.18). Hence 


U = 


dR 


_ 


8R 


(19) 


asia6d<f>’ a 86' 

The electric force needed to impel this current must have components 
UjK, VfK, but the dynamo components and are not in 

general related to any function R in the manner of UjR and VjK. 
Hence the dynamo field sets up a charge distribution whose field, 
together with the dynamo field and any additional field due to self or 
mutual induction, is such as to set up a current-system having some 
current-function R. If /S' is the electrostatic potential of the charge 
distribution, the southward and eastward components of the field are 


8S 
'a'86’ 


8iS 


asm 


( 20 ) 


If for the present we ignore self or mutual induction, then Ohm’s law 
for the omrent-flow gives 

rr _ 1 

* a89~ K aBia68<f>’ 

rr 98 1 8R ,qn\ 

1 ^ 6 ' ^ ^ 
Erom these two equations, by eliminating JJ or /S, an equation for 
the remaining function, 8 or R, can be obtained. The equation for R is 




8K dR 


8<f> dud8^ 
= aK^ 


. .8K8R 

w 


{dvH^ 


1 H 

86 j 


( 23 ) 
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This determines JR when the vertical magnetic field JE^, the conductivity 
X, and the motion u, v (or the velocity potential T) are known. If the 
shell is uniformly conducting, the second term of this equation dis¬ 


appears. 

The vertical magnetic field Sg is expressible as a series of surface 
harmonics over the shell. If the earth’s field is regarded as that of a 
central magnetic dipole, its north axis-pole having the coordinates 
^ 0 , then (by 18(14) and (17)) 

= 0{coa d+tan 6q sin 6 cos( 9 S—^o)}, (24) 

where (7 is a constant whose value is approximately —| gauss. 

Schuster [3] attempted to infer the air-motion in the shell from the 
barometric pressure variations observed at the earth’s surface; he used 


the equation 


f>o ~ Cq ^ 


(26) 


to connect the velocity-potential T“ with the proportionate changes 
Sp/jPo of the pressure Po at groxmd-level; here denotes the Newtonian 
velocity of sound. The relation (25) is obtained from the fundamental 
equations for small atmospheric motions, by neglecting aU forces 
(including those due to the earth’s rotation) other than the pressure 
gradient, so that these equations become 

PQduJdt = —dpjadd, p^dvjdt = —8pjaaia.9dj>, (26) 
where />(, denotes the average density of the air near the ground, and the 
pressure^ is ^ substitute for u and v from (16) and integrate 

with respect to 6 or we obtain 

p,8YJdt = S^, (27) 

or (26), since, in terms of the gas constant n and the absolute tempera¬ 
ture Jo, we have p® = Rpo^oj and for the Newtonian velocity of sound 
(isothermal waves) c§ = rJ),. 

Chapman [4, 6] likewise used the equation (25), but it is now certain 
that it is not appheable. The theory of the atmospheric oscillations 
(15.12) shows that the motion (and therefore T, if a velocity potential 
exists) is affected by the earth’s rotation even at ground-level, and 
furthermore varies with the height; hence the air-motion in the 
ionosphere bears no simple relation with 8p/po at ground-level. 

Whatever the relation may be between T and the pressure variation 
at ground-level, T* may be assumed expressed as a series of surface 
harmonics. If the motion depends only on 6 and the local time, a 
typical term of the series will be 

Ti!f s h^P^^iMt+cc^), T = J J Tif, (28) 
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(Here and in similar expressions i must be interpreted in angular 
measure.) Since the magnetic effects of the different harmonic terms 
of T are additive, it suffices to determine the effect of the typical term 
Schuster considered specially the terms TJ and Tl; Chapman 
considered mainly the term T|. 

The conductivity K must likewise be expressible as a series of surface 
harmonics. In discussing the general theory, Schuster and Chapman 
took K to be of the special form 

^o(l+J«®cos»x), (29) 

where x is the zenith distance of the sun at the point (0, considered, 
so that when the sun has the declination 8, 

cos X = sin 8 cos d-\- cos 8 sin B cos t. (30) 

Schuster considered in detail only the case ai = 1, = 0 (s > 1); 

Chapman discussed the case = Z, — 0 {s > 2). 

The current-function B, to be determined from (23), must also be 

expressible as a series of surface harmonics 1?^*, that is, 

=C^^sin(mf+)S™), if = 2 2 (31) 

71 m 

Hence, using the equation 17 (42 a), which defines a surface harmonic 
of degree n, the first term of (23) may be more simply written as 

—Xsin022^(”'+1)-^- (32) 

In order to express later results more clearly, it is convenient to 
admit, in (31), also negative values of m, using, for this purpose, the 
definition (when ot is a negative integer) 

(31a) 

The range of m in (31) is therefore from —n to -\-n, since = O.it 
m is numerically greater than n. This makes (32) valid for negative 
m also. Clearly it is possible to combine any two terms involving 
and {m > 0) by writing 

= sin(?n«4-i3^”‘)), (31 b) 

with new values for the amplitudes and phases, as indicated by the 
notation. 

The magnetic field of the current-system, at the earth’s surface (at 
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radius a') has a potential also expressible as a series of surface 

tanomos (33) 


and each term is related to the corresponding term in It as follows 
(cf. 17 (83), omitting the factor 10, because R is reckoned in electro¬ 
magnetic units): 

2»-l-l\a/ 




tfinjym 

'n* n • 


(34) 


This last equation, when the coefSLcients have been determined, is 
the solution of the problem, since it gives the external part of the 
dynamo-produced field at the earth’s surface. Our object therefore 
is to find the coefficients and the phases ^ from known or assumed 
data for ii!^, Z", and T. It should be particularly noted that in general 
each term in T gives rise to many harmonic terms in or <I>. 

Consider first the simplest possible case, assuming K constant, and 
no obliquity of the earth’s magnetic axis (i.e, = 0 in (24)). Then in 

(23) the left-hand side reduces to (32), and the right-hand side becomes 


ot (“) 

To determine the contribution made to this expression by any 
particular harmonic term ofY, we transform (36) by using 17 (68 c), 

wMoh, in our present notation, reads 

-M^ooteP§+±{Bmecos d 

-f(iV2-l)(2^2-lfS)*Pj(f_j}; 

on comparing with (32), we find that contributes the two following 
terms to the current-function 12: 


rl^-n^i^+isia(Jf<+a^)-f-ri^_i sin(Jf<-f aj(f), (37) 


where 


%+! 


^ ^ (iv-fi)(2^+i) ’ 
^-1 ^ ^ N{2N+1) • 


(38) 

(39) 


It should be noted that the phase in each of these two harmonic terms of 
R is the same as that of the harmonic term in ^ to which they are due. 
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If iV" = M, as was the case fox both the harmonic terms of 

the velocity potential discussed by Schuster, one of these terms in the 
current-function vanishes, namely the term Thus, if the velocity 

potential of the solar daily circulation in an ionosphere of uniform K 
can he represented solely by harmonics YJ, the current- 

function (and magnetic potential) will contain only terms 22J, i2§,..., 
Similarly, if the velocity potential of the lunar atmospheric tide 
is of the form Y|, the potential of L should contain only one term, a 
multiple of P§. The fact that L involves also other harmonics indicates 
the need to consider a non-uniform distribution of conductivity. 

If is expressible in the form (29), then by substitution from (30), 
and certain transformations, we may write 

K = cos cos st, (40) 

— oo — oo 

where t denotes local solar time measured from midnight. In (40) 
/j and can be expressed as power series in sinfl and cosd, whose 
coefficients involve sinS and the coefficients of (29). The expressions 
(29) or (40) for K are, it should be noted, rather special, in that they 
assume a conductivity-distribution symmetrical on the two sides of the 
noon meridian; radio observations and the theory of the ionosphere 
both indicate an asymmetry, particularly as between the conditions 
just before dawn and after sunset (Ch. XV). If this were taken into 
account, (29) and (40) should contain sine terms in ^ or t respectively, 
as well as cosine terms. 

If, retaining the assumption that the earth’s magnetization is axial 
{6^ = 0), the expressions (40) for K and are substituted in (23), and 
each side is transformed so as to be a series of surface harmonics, then 
by equating the coefSLcients of like harmonics on the two sides, we obtain 
a series of equations, linear on one side in the coefficients of B, and 
on the other in the coefficients fcjlf of Y; the factors of the coefficients 
in these equations involve the numbers fg and g,. If every le^ except 
one is made zero, the equations will give the contribution to made by 
the single velocity-harmonic YJ^. The solutions, giving in terms of 
the coefficients a, in K, are complicated even when the series for K 
ends with the term a^. 

If K is of the form Xo(l-|-aiCosx), a harmonic of Y contributes 
to J? a set of terms for which n may range from JT—3 to V-fS, 
and m from M —3 to if K also involves a term cos*x> the range 

of n and m is further increased. When N = M, many of these terms 
are absent because their n is numerically less than their m. 
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Witli the above form of K, symmetrical about noon and midnight, 
the phases of aU the terms in M arising from a term in ’F are the 
same as those of except that the numerical coefficient may be 
opposite in sign to that of implying merely a reversal of phase. 
This agreement of phase between and the terms which it con¬ 
tributes to JJ would not be preserved if the actual asymmetry of K 
about noon were taken into account. It will also in general not be 
preserved when harmonics and J?-”* are combined, as in (31 b). 

We have so far assumed that the time-periodicities of the atmospheric 
oscillations and the conductivity are commensurate. This is valid in 
the solar case, but not in the lunar, because the lunar tidal circulation 
is governed by lunar time (t), and the conductivity K by solar time ({). 
The difference may be approximately taken into account by regarding 
the limar tide as having the period of a solar day, but with a phase 
which varies slowly throughout the lunar sjmodic month (from one 
new moon to the next). Thus, we write 

t = T+v, (41) 

where v is a measure of the phase of the moon, and increases from 0 to 
2ir from one new moon to the next. The time-factor in (28) is 
sin(ilfT+a^), or 

so that if, in (28), is replaced by y^, where 

y§ = o^-Mv, (42) 

the analysis for the solar case can be at once applied to the lunar one. 
If K be assumed uniform over the earth, and if the velocity potential 
of the lunar tidal circulation be supposed represented by the single 
term Yl (which is not quite accurate), then B will involve the single 
term r§P|8m(2i-|-y|) or r§P§sin(2T-f-o(|); this represents a current- 
function (with an associated magnetic potential <I>) consisting of one 
term only, jB|, in phase with the lunar tide. If K is not uniform, but 
is of the form (29), then B wiU include terms {n and m having the 
same range as in the solar case for the corresponding solar term T|) 
in which the time-factor will be 

or 

or (by (42), substituting ilf = 2) 

sin{«iT-l-Q!|-f (wt—2)1-}. ‘(43) 

Such a harmonic, relative to lunar time t, is not of constant phase 
throughout the month; its phase increases by (m—2)27r per month. 
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lus, as "Was explained in (6 a), the phase of the semi-diurnal term is 
nstant, that of the 8-hour term (m = 3) increases by 27t, and that of 
e 6-hour term (m = 4) increases by 477 per month; the phase of the 



3^. 3* The air-velocities associated with the solar semi-diurnal atmospheric oscillation 
Lovm for part of the western hemisphere, for the epoch 11 ^ of the local time of the 
pridian. 76° W,, but typical for other regions at the corresponding local times; see also 
5 , 16). Arrow-scale: 60 cm./sec. for a length equal to the side of the small squares. 

(After A. G. McNish) 


:-hour term (m = 1) decreases by 277 per month, and there is a term 
1 = 0) which has no daily period, but whose period is fortnightly, since 
I phase increases by 477 per month. In the case of the harmonics 
r which m is negative, the monthly change of phase is still more rapid; 
en for m — — 1 it is 677 , so that this term is distinctly different in 
»riod from the term m = 1. These inferences as to the phase-changes 
3r »n > 1) are borne out by analysis of the observations; the harmonics 
< 0 have not yet been determined from the observations. 

36S5.30n 
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23.13. The intensification of S and L at Huancayo. McNish 
[7.23] has pointed out that in South America the magnetic equator 
(the line along which the vertical intensity is zero) reaches its greatest 



Fia. 4. The electromotive forces induced by the air-motions shown in Fig. 3, assuming 
that the earth’s magnetic field is that of the centred dipole, alined along the geograph'kctl 
(see also Fig. 1 c). Arrow-scale: 0*023 volt/km. for a length equal to the side of the 
small squares. (After A. G. McNish) 

southward deviation (about 15°) from the geographic equator. This 
means that the vertical intensity Z is directed downwards in the 
intervening regions south of the geographic equator; hence the electro¬ 
motive forces (Fig. 1 c) derived from the air-motion (Fig, 16) will there 
be directed opposite to the arrows shown in Fig. 1 c, that is, parallel to 
the direction of the currents instead of against it. This is illustrated 
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by Kgs. 3, 4, 6, due to McNish; the first shows the terrestrial distribu¬ 
tion of air-velocity corresponding to a semi-diurnal tide, and represents 
facts already portrayed (in a slightly different way, and on a different 
map-projection) in Kg. 1 b. Kg. 4 shows the electromotive forces which 



Fig. 6 . The electromotive forces induced by the air-motions shown in Fig. 3, at the 
epoch there stated, in the presence of the actual geomagnetic field (arrow-scale as before). 

(After A. G. HoNish) 

would result from these air motions, if the earth’s field were that of a 
central dipole alined along the geographical axis; this represents a 
distribution already shown, ia less detail, by the arrows in Fig. Ic. 
Fig. 6 shows the electromotive forces corresponding to the air-motions 
of Kg. 3, and to the actTial terrestrial distribution of vertical magnetic 
force. At about 10° S., the e.m.f. in Fig. 6 is opposite to that in Fig. 4. 
It is in this region that, according to Fig. Ic, the S current-flow is 
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opposite to the e.m.f. Consequently, according to McNish, when the 
S current-circuits are crossing the northerly part of South America, on 
their daily passage round the earth, the opposition between the e.m.f. 



and the current is changed to agreement between their directions, and 
the southern circuit becomes intensified. An indication of how great 
this intensification is may be seen by comparing Figs. 6 and 7; Fig, 6 is 
a reproduction of the average form of the S current-system at the 
equinox, already shown in 7.6; Fig. 7 is a representation of the S 
current-system, when the main circuits are passing across America, 
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and was constructed by McNish from a spherical harmonic analysis 
based on five American stations. 

This qualitative argument by McNish seems likely to furnish the 



Fig. 7. The current-lines for the overhead current-system, over the area and for 
the epoch to which Fig. 3 refers, based on a spherical harmonic analysis of eq^uinoctial 
data (1923) for at five American stations, Aginoourt (1), Cheltenham (2), Vieques (3), 
Huancayo (4) and Filar (6). (After A. G. McNish) 

interpretation of the large amplitudes of S and L at Huancayo. Although 
the computed electromotive forces in the equatorial regions are small, 
because of the small values of Z, the transverse electric conductivity 
(in the direction of the current there) can he expected to be higher there 
than elsewhere, since the transverse magnetic field is smaller than in 
higher latitudes. A quantitative discussion of these outstanding 
phenomena is desirable. 
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B. THE DIAMAGNETIC AND DRIFT-CURRENT THEORIES OF S 

23.14. The diamagnetic theory. If a rare ionized gas is ia the 
presence of a magnetic field, the electrons and ions execute spiral 
motions (16.10); the influence of the magnetic field upon the electric 
conductivity of such a gas was first explained by Townsend; its im¬ 
portance in relation to the dynamo theory of S and L was recognized 
in 1927 by Pedersen [6], and shortly afterwards independently, by 
Gxum [17] (1928). Later Gunn [18] and Chapman [19, 20] attributed 
other electromagnetic effects in geophysics and solar physics to the 
spiral motions of charges in magnetic fields. 

Gunn pointed out that the circular part of the spiral motion of the 
electrons and ions around the lines of magnetic force H makes these 
moving charges equivalent to small magnetic doublets with their axes 
opposed to the field. The magnetic moment due to a charge e (e.m.u.) 
which' describes a circular orbit of area A in time t is the same as that 
of an electric current of intensity i = e/i; hence, by 1.13, the magnetic 
moment is 


The radius r of the circle (or the ‘ spiral radius’ considered in 16.10) is 
mvjeS, where v is the circumferential velocity of the charge and m its 
mass. (The motion along the axis of the spiral can be neglected in the 
present discussion.) Also 


A _ _ rv _ \im^ 

t ~ 2-nrlv ~ 2 ~ eH ’ 


If the velocity v is regarded as the component, normal to the magnetic 
force H, of the random thermal velocity of the charges, corresponding 
to a temperature T (absolute), then the mean value of is two-thirds 

of the total mean translatory kinetic energy of a particle in a gas at 
that temperature, namely f or kT. Hence the mean magnetic 

doublet per charge, due to the spiral motion round the field, is 


eH' 


(46) 


This does not depend on the mass of the charge, and therefore its 
magnitude is the same for electrons as for ions. The sign of e is different 
for positive and negative charges, but so also is the direction of their 
circular motion; consequently their magnetic moment has the same 
sign, and its direction is easily seen to be opposite to that of the field, 
as in a diamagnetic body. 
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The intensity of magnetization of the gas, due to n free charges 
(electrons and ions together) per unit volume, is consequently 


lenT 

eH 


(46) 


in the direction —H. This calculation applies only to the gas in regions 
where the density is so low that all the charges are free to spiral with 
little or no disturbance hy collisions. It implies that the outer part of 
the ionosphere is a magnetized medium, and indicates how the intensity 
and direction of magnetization are dependent on H and on the distribu¬ 
tion of nT. Assuming a reasonable qualitative geographic distribution 
of nT (dependent on local time) over the ionosphere, Gunn made an 
approximate calculation of the magnetic field at the earth’s surface due 
to such a magnetized layer. He found that qualitatively the field would 
resemble the S field, and he considered also that the absolute magni¬ 
tude of nT, and the thickness of the layer, were probably sufficient 
to permit the S field to be explained by this diamagnetism. Con¬ 
sidering also (as he did) that the dynamo theory was insufficient 
to account for S, because of the reduction of the transverse con¬ 
ductivity by the magnetic field, he proposed this diamagnetic theory as 
an alternative. 

In his discussion Gunn referred to a theory of diamagnetism in metals, 
which had been proposed in 1912 by SchrOdinger [21], and which was 
based on the same idea that the spiral motion of the free charges, in the 
presence of a magnetic field, renders them equivalent to magnetic 
doublets. He mentioned that an examination of this theory by Bohr [22] 
in his doctor’s thesis, and later by van Leeuwen [23], had led to the con¬ 
clusion that if reflections of the electrons at the boundary of the metal 
are taken into account, then the net diamagnetic effect outside the metal 
would be zero. Gurm contended that these objections would not apply 
to the ionosphere, where the free paths are very long, and where the 
thickness of the transition layer, between the non-diamagnetic region 
of short free paths and the region of almost free spiral paths, is thousands 
of times longer than the spiral radius of even the heaviest ion. This 
point is further discussed below. 

In 1929 Chapman [24] improved the mathematical calculation of the 
field of Gunn’s diamagnetic layer of the ionosphere. Except for a slight 
difference of phase he confirmed Gunn’s conclusions that the dia¬ 
magnetic field had the same form as the S field. He concluded [24,19], 
however, that the total ion-content of the ionosphere was inadequate 
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to account for the observed intensity/ of the S field, on the diamagnetic 
hypothesis. 

23.15. The drift-current theory. In two papers on the sun’s 
magnetic field [19 a] and on S [20], Chapman considered the drift- 
velocity of charges spiralling in a magnetic field, when a force oblique 
to the field acts upon the charges (15.10); this drift-velocity is not along 
the direction of the force, but is perpendicular both to the force and 
the magnetic field. The charges in an ionized atmosphere are subject 
to the vertical force g of gravity, and also to a vertical electric field JS 
(recognized by Pannekoek [25] and Rosseland [25 a] and often called by 
their names), which arises from a slight separation of the electrons and 
the ions, due to the tendency of the electron gas to rise above the 
heavier ionic gas. This separation of the positive and negative charges 
is extremely small, but suffices to maintain the number of ions per unit 
volume (or the number-density) almost exactly equal to that of the 
electrons, in spite of their widely different masses and It does 
this by equalizing the combined gravitational and electric forces on 
each type of charge, so that (almost exactly) 


m^g+eE = m^g—eE. 


Thus eE = —(47) 

and the resultant force on an electron or an ion is 

or, since is so smaU, approximately \m^g. 

This resultant force, in the presence of a magnetic field, should pro¬ 
duce equal horizontal drift-velocities of the ions and electrons in opposite 
directions, to the magnetic east for the ions, and to the magnetic west 
for the electrons. These drift-motions would convey an electric current, 
whose intensity would depend on n, and would therefore, in the earth’s 
atmosphere, vary with the local time and the latitude. The inequality 
of the current-flow along any circle of magnetic latitude would tend to 
accumulate positive and negative charge in certain regions, and a 
charge-distribution would thus be set up (cf. § 12), which in conjunction 
with the drift-currents would maintain a (quasi-) steady current 
system. 

Without giving detailed reasons or calculations, Chapman [20] sug¬ 
gested that these current-systems would resemble those of the actual 
S field, as drawn by Bartels (Figs. 7.15, 7.16, p. 229, or Figs. 20.1, 20.2, 
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p. 696), except for a difference of phase. He inferred that the drift- 
currents might account qualitatively for a large part of the S field, 
though even so, on account of the difference of phase, an appreciable 
part vrould still have to be explained by dynamo action. Whether or 
not these drift-currents are the main cause of the S field would depend 
on the ion-content of the ionosphere, just as in the case of Gunn’s 
diamagnetic theory. Chapman stated, however, that the drift-current 
contribution to S, for any given ion-oontent, would be many times as 
great as the diamagnetic contribution (250 times if S’ = 300®, or 80 
times if S’ = 1,000°), impl 3 ring that diamagnetism could at most play 
an insignificant part in the production of S, even if the drift-currents 
were the main cause of S. Chapman gave the name drift-current theory 
to the hypothesis that the drift-currents are the mam cause. He did 
not adopt this hypothesis, but indicated that, on the contrary, the total 
ion-content of the ionosphere was probably inadequate to enable the 
drift-currents to account for the major part of S; in any case, the choice 
seemed to lie between the dynamo theory and the ‘drift and d3mamo’ 
theory. 

In his discussion Chapman took account of the degree to which both 
the drift-current and the diamagnetism would be reduced by collisions, 
as represented by the factor affecting both of them (16 (89)). 

This factor, it should be noted, is different for ions and electrons, so that 
the region of almost free spiral paths of electrons extends lower in the 
ionosphere than does that for ions (15.11). 

23.16. Criticisms of both theories. At this stage the importance 
to be attributed to diamagnetism and drift-currents in the ionosphere 
seemed to depend on the value of the total ion- (and electron-) content 
(and also on the temperature) of the ionosphere. But Oowlmg [27] soon 
afterwards raised much more fundamental considerations relating to 
both effects. 

As regards diamagnetism, he recalled the criticisms of SchrOdinger’s 
theory of diamagnetism in metals; Gunn had regarded these criticisms 
as not affecting the diamagnetism of the ionosphere. Bohr and van 
Leeuwen had shown that if the SchrOdinger diamagnetic effect exists 
(for example, in a metal in a uniform magnetic field), it must be a 
boundary effect. SchrOdinger himself had proved that in the interior 
of the metal the mean electronic velocity at any point is zero (and 
the velocity-distribution Maxwellian) so that their motion should pro¬ 
duce no resultant magnetic field there. Hence the supposed diamagnet¬ 
ism would depend on the electronic motions near the boundary. There 

s6t5,iH) n T i 
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■would be no resultant diamagnetism, if the Maxwellian velocity- 
distribution is maiatained up to the boundary, as would be the case, 
for example, if the boundary of the metal were conceived to be per¬ 
fectly plane and smooth, so that the electrons impinging on it reboimded 
elastically. 

In the latter case, we may perhaps ■visualize as follows the reason for 
the disappearance of the diamagnetism that should apparently result 
fix»m the existence of the individual magnetic doublets due to the spiral 
motion of each electron. The doublets are the equivalent of small 
current-circuits in the same planes as the circular motions of the 
electrons. Each such current-circuit is equivalent to a ciocular magnetic 
shell; the intensity would be the same for every such shell if the spiral 
velocity were the same for aU. The distribution of small circular 
magnetic shells can be thought of as replaced, without essential modi¬ 
fication, by a series of uniform equal shells in each of a series of parallel 
planes spaced at the mean molecular distance apart; and the shells in 
each such plane can be supposed reduced in intensity, increased corre¬ 
spondingly in area, and changed in shape, so that their boundaries 
become contiguous, and their areas combine into one area, bounded by 
the non-overlappmg parts of the boundaries of the outer shells in each 
plane. The shells in each plane can then be replaced by the equivalent 
currents round their boundaries. As in the usual proofs of Stokes’s 
theorem on surface and line integrals, the currents along the interior 
boimdaries will cancel out, and there remains only the outer circuit of 
all the amalgamated shells in each plane; this circuit is practically the 
same as the section of the boundary of the metal, by the plane in 
question, normal to the magnetic field. Thus the whole collection of 
circular electronic orbits in the interior of the metal is magnetically 
equivalent to a series of currents (or, again, to a continuous surface- 
distribution of current flowing transverse to the magnetic field) 
round the boxmdary of the metal, fix planes normal to H. But the 
electrons which are sufficiently near the boundary to collide with it will, 
in the presence of the magnetic field, be caused (jointly by their colli¬ 
sions and by their spiral motions between collisions) to travel round the 
boundary in the sense opposite to that of the free circ^ular motion. This 
is illustrated in Fig. 8, for a metal whose section normal to the field is 
a rectangle. The sense of the circular motions in the interior is indicated 
by the small circle ■within the rectangle. The combined circular motions 
of aU the interior free electrons ■within a thin layer of the metal (of 
thickness equal to the average distance between the free electrons) 
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will be equiyalent to the motion of a single electron round tlie boundary, 
in the same sense, and with a speed which bears to the electronic speed 
the same ratio as the ratio of the combined area of the orbits of all the 
electrons in the layer, to the total cross-sectional area of the metal. 
The diagram shows also how an electron near the boundary would 
travel round the boundary as a result of successive collisions; this 



Fia. 8. The cijrve in the centre illustrates the circular (or 
spiral) motion, of a free electric charge, in the presence of a 
uniform magnetic field directed perpendicularly to the plane 
of the figure; if the charge is negative (e.g. an electron) the 
direction of motion, as drawn, corresponds to a magnetic 
vector into the paper. The series of arcs round the edge of 
the figure illustrate the path of such a charge near the 
(rectilinear) boxmdary of the gas, -where the charge con¬ 
tinually collides with, and is refiocted from, the boundary; 
the magnetic field bends the path round again so as to 
produce further collisions, with the result that the charge 
travels round near the boundary, in a sense (as illustrated 
by the dotted line) opposite to the sense of the circular 
motion of the charges (such as the one near the middle of 
the diagram) that do not meet the boundary. This motion 
pf the boundary charges neutralizes the diamagnetism due 
to the central charges. 

direction ia opposite to the direction of the free circular motion. It 
may be sho'wn that the currents due to suoh boundary electrons 
neutralize the current due to the boundary motion of the single equiva¬ 
lent electron corresponding to the interior undisturbed electric orbits. 

This illustrative argument may at least help one to understand how 
a compensation is brought about, which precludes the existence of dia¬ 
magnetism due to this supposed cause. 

This treatment can hardly be extended to the case of the ionosphere, 
in which the density has a continuous vertical gradient, due to gravity. 
The magnetic effect of the spiral motion must then be discussed by 
the methods of the hinetic theory. Such a treatment necessarily includes 
at the same time the drift-velocity to which Chapman attributed 
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geophysical importance, and to which also he ascribed the radial limita¬ 
tion of the sxm’s magnetic field. If, in addition, the magnetic field is not 
uniform, the treatment must involve also another type of drift-current, 
discovered by Gunn [18], who regarded it as playing an important part 
in the mechanism of sunspot magnetic fields. 

Cowling’s first paper [27] on this subject was mainly concerned with 
Chapman’s theory of the radial limitation of the sun’s magnetic field by 
drift-currents [19 a], but the theoretical points involved apply equally 
to Chapman’s discussion of drift-currents in the ionosphere [20]. 

Chapman had treated the force acting on each electron as m^g+eE, 
where E is the Pannekoek-Rosseland electric field already referred to. 
The electric force eE is, according to (47), practically equal to half the 
combined weight of an electron and an ion; it acts downwards on the 
electrons, and upwards on the positive ions. Thus both the electrons 
and ions (only positive ions were considered in the discussion of the 
sun’s magnetic field) are acted on by a force practically equal in each 
case to half the weight of an ion. This would cause the electrons and 
ions, if free, to drift with equal speeds in opposite directions, so that 
the currents due to the electronic and ionic drifts would be equal both 
in direction and magnitude. Owing to the mass-difference between the 
electrons and ions, and the correspondingly smaller spiral radius of the 
electrons, the latter are ftee to spiral in regions where the ions are not 
free; that is to say, for the two kinds of charge, there are different 
transition layers from the regions of no drift, no diamagnetism, and 
full electric conductivity, to the regions of drift, diamagnetism, and 
reduced conductivity. 

If there is a resultant drift velocity of ions or electrons, in the transi¬ 
tion layers and above, it will involve a mean electromagnetic force on 
the volume of gas containing these free charges; this force will be per¬ 
pendicular to the drift, and to H, and since the drift is horizontal, and 
H is not vertical, the force wiU have a vertical component. This was 
not considered by Chapman in his equation for the statical equilibrium 
of the atmosphere. Cowling pointed out the necessity to take this term 
into account, and also introduced the equation of dissociative equili¬ 
brium between the ions, electrons, and neutral particles, which must 
hold in a state of thermodynamic equilibrium; in such a state the 
ionization is due entirely to the temperature of the gas—a condition 
possibly vahd in the sun’s atmosphere, but clearly inapplicable to the 
ionosphere. For this reason Cowling’s discussion does not hear directly 
on the terrestrial importance of drift-currents. 
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23.17. A fundamental error in the simple drift-current theory. 

On correcting Chapman’s discussion (of the sun’s magnetic field) in 
these two respects, Cowling was led to a contradiction, which pointed 
to the need for still further modification. By a detailed argument too 
long to he reproduced here, he located the remaining error in the 
assumption that, in the presence of a pressure gradient, the mean values 
of Xq and in 16(77, 78) are zero. 

He showed that in an actual atmosphere, owing to the density 
gradient, more charges enter (and leave) any thin horizontal layer of 
gas through the lower boundary surface than through the upper surface; 
those charges coming from below will be near the top of their curved 
paths, and those from above will be near the bottom of their paths. 
But the velocity in the free motion represented by 16(77-9) is not the 
same at the top and bottom of the paths; hence, though each individual 
charge may have an average drift in one direction, the mean motion 
of the charges in any particular layer may be zero. Cowling’s detailed 
discussion indicated that this is so. 

Such an apparent paradox is not unfamiliar in the kmetio theory. 
Even in the case of a simple gas at rest in isothermal equilibrium subject 
to gravity, a somewhat similar paradox appears. Every individual 
particle has a downward acceleration (the same for all, that of gravity), 
yet every element of the gas as a whole is at rest. Within any thin 
horizontal layer of the gas, the average downward velocity of those 
particles that are descending exceeds the average upward velocity of 
the ascending particles; but the former are fewer than the latter, and 
the over-all average velocity is zero. 

Cowling’s conclusion that there is no drift-current in a gas in thermo¬ 
dynamic equilibrium can also be viewed in another way. In a paper 
on the sun’s general magnetic field and the chromosphere [19 i»], where 
calcium ions are sulJjected to a succession of radiative impulses, which 
help to support the chromosphere. Chapman showed that the succession 
of impulses on an ion can be treated as a continuous farce, in calculating 
the drift-velocity of the ions. It seems likely that the proof can be 
extended to the succession of impulses due to collisions with other ions 
and with neutral molecules, and therefore that, when the charges are 
not diffusing upwards or downwards, the continuous force replacing the 
impulses just balances the vertical gravitational and electric force on 
a charge; the resultant vertical force thus being zero, so also is the 
corresponding drift-velocity. This would agree with OowHng’s conclu¬ 
sion for the case of a gas in thermodynamic equilibrium. In the case 
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of the ionosphere, which is not in such a state, and in which the presence 
of free charges is due to external causes (the absorption of ultra-violet 
light or of ionizing particles), vertical diffusion of the charges wiU in 
general occur. But the unbalanced vertical force causing drift-currents 
will be much less than that (approximately assumed by Chapman 
in his discussion of the drift-currents in the ionosphere; moreover, it is 
unlikely to have the same sign at all levels. 

Chapman' concluded that if the drift-currents in the earth’s atmo¬ 
sphere are to have the same intensity as the actual S current-system 
[20], the number N' of ‘drift-effective’ charges per square centimetre 
column of atmosphere above the equator at noon must be of the order 
IQi*; by ‘ drift-effective’ is here meant that each charge is counted not 
as one but only as thus allowing, for the reduction of the 

drift-current by collisions. He estimated the actual value of N' as of 
order 10^®; the radio data underlying this estimate now need revision. 

To obtain an upper limit for N', we may suppose that all the electrons 
in both the E and F layers are fully effective (i.e. that is small 
enough to permit us to reckon cu|/(co|-l-v|) as unity). The total number 
of electrons in the E layer may be estimated as less than 10^^, and in 
the 'F layer as less than lO’-®. For the ions in the E layer it was esti¬ 
mated in 16.11 that is about 1/30, so that 6o?/(a>|-f-y|) is of order 
10-®. Taking the maximum possible ratio of ions to electrons in this 
layer as 3-7 x 10®, the contribution of the ions in the E layer may be 
estimated as 10-® X 3-7 x 10® or 3-7 times that of the electrons, and there¬ 
fore less than 4x 10^®. In the F layer, reckoning each ion as fully effec¬ 
tive, and assumiug that there the ions are equal in number to the 
electrons, the ionic contribution to N' will not exceed lO’^®. Thus, in 
aU, we may estimate N' as less than 3 x 10^®. 

Thus, even on the basis of the faulty equations used by Chapman, 
the drift-ourr^pts seem inadequate, by a factor between 3 and 10, to 
account for the intensity of the S field. • 

When the upward impulses on the charges, at collisions, are taken 
into account, the inadequacy of the drift-currents appears still greater. 
Hence it seems possible to conclude that though drift-currents are 
likely to occur in the ionosphere, in association with general upward 
and downward motions of the charges, their magnetic field will be small 
compared with the S field. 

23.18. The inadequacy of the diamagnetic theory of S. In a 
later paper [28] Cowling re-examined by different methods the problem 
of an ionized atmosphere in thermodynamic equilibrium in a magnetic 
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field, espeeiaUy in order to test Gunn’s assumption that the arguments 
advanced against SchrOdinger’s theory of diamagnetism in metals were 
inapplicable to diamagnetism in our atmosphere (see also p. 62 of [25.9]). 
Cowling’s conclusion was as follows: 

‘It appears, then, that in the transition layer in which electrons are 
becoming free to spiral tinder the action of the magnetic field there are drift 
currents similar to those’ (of. Kg. 2) ‘which mask the diamagnetic effect 
of spiraUiog in a metal, and that these completely mask the diamagnetio 
effect in the gas.’ 

This conclusion, which does not depend on the detailed nature of the 
interactions at collisions, has an important bearing on Gunn’s theories 
[18] of the radial limitation of the sun’s magnetic field, and of the 
maintenance of magnetic fields in sunspots, which did not depend ex¬ 
plicitly on an assumption that the state departs from one of thermo- 
d 3 mainic equilibrium. In the case, however, of the diamagnetio theory 
of S, since the ionosphere is not in thermodynamic equilibrium, the 
precise importance of diamagnetism is less easily estimated. It seems 
likely to be less than Gunn’s simple theory suggests, after allowing 
for the effect of collisions in reducing the diamagnetism (in the ratio 
a)7(o®+v®)). But even without allowing for any reduction by boundary 
or transitional effects, the value of N'T needed to account for the 
observed S field is 1'6 x 10“ (according to Chapman’s calculation of the 
diamagnetic field; Gunn’s calculation required the still higher value 
6'4x 10^®); N' is here the same number as occurs in § 17, where it was 
called the number of drift-effective charges. Since T is unlikdly to 
exceed 1,000°, N' must be at least 10“ to justify the diamagnetio theory; 
actually it seems to be not more than 3 x 10“. 

It thus appears that the free charges in the ionosphere are too few 
for their diamagnetism and drift-currents to produce a magnetio field 
of the same order as S, even takmg the theoretical expreHsions used by 
Gunn and Chapman as correct; the inadequacy is stiU greater if their 
expressions are to be further reduced by compensatmg terms, such as 
are suggested by Cowling’s discussion. The inadequacy without such 
reduction is by a factor between 3 and 10 for the drift-currents, and 
about 10® for the diamagnetism; the former factor, at least, is thought 
to be small enough, in view of the many uncertainties attaching to the 
upper atmosphere, to justify the above detailed discussion of drift- 
currents and diamagnetism. 

McNish [7.23] has drawn attention to another argument adverse to 
the diamagnetic and drift-current theories. Both these theories are 



790 SOLAE AKTD LUNAR MAONBTIC VAUlATtONM awp. XXIII 

simple in the sense that they dopen<l ratiior tllrfctly mi thn itia^ni- 
tude and distribution of one quantity, iV' (or X'T); this })osHibly 
attractive simplicity has the disudvantnj^o flint if. impIii-H a ctTtAin 
rigidity in these theories, as compared with f ho (iynuiuo flieory, whirli 
involves not only the ion-content, hut hIho Iho coiivcctian «»f llio 
ionosphere. The considerable changes in S which HfHncfinicrt occur from 
day to day (7.8) (as Moos and especially IlnHcgawa imvo iKtintod out) 
seem on this account more easily oxpli<*al>k5 on the dynaino thetiry than 
on the other two theories; they undoubtedly imply Koiite change either 
of ion-content or motion in the upper atraospliore, of wIiohci cittiHe and 
nature we are still ignorant; hut it is porliapa likely that tho rhange 
depends at least partly on variations of motion ns well ns of ioii-contetit. 

Ehrther, the remarkable intensity of S and L at Htiaiieayo Hooraa 
difficult to account for on the diamagnetic or drift-ciirrtmt theories, but 
may be explicable (§ 13) on the dynamo theory, a« rt conseipionee of 
the obliquity of the earth’s axis (loading to torins in S dependent on 
the longitude as well as on tho local time). 

C. ATMOSPHERIC IONIZATION AND TIIK DAILY 
MAGNETIC VARIATIONS 

23.19. Conclusions from the radio and magnetic effects of 
solar flares. In recent years radio methods (15.5) have determined 
the daily variation and the geographical distribution of tho ionization 
in the difierent layers of the ionosphere; also tho simplo theory of ion- 
production audrecombination (16.6, 16.7)hasgivonaBatiHfiictory quali¬ 
tative explanation of these facts, at least aa regards tho E and J*, 
layers. The daily variation, and the geographical distribution of the 
ionization had previously been inferred from the dkousaion of the S, 
and (more directly) of the L current-systems, on the basis of the dynamo 
theory; the inferences thus made are in good general agreement with 
the radio determinations, although the latter refer to the maximum 
specific electron-density in each layer, whereas the deductions from 
S and L refer to the integrated conductivity K in the conducting layer. 

The magnetic data do not indicate the height of the oonduoting layers, 
^d we are still ignorant as to the layer with which L is ohiefly aasooiated. 
Thermo data furnish cleaiproof of the height and ohmraoter of distinot 
ionized layers, and the recent discussion (10.3, 16.6) of the magnetio 
v^tions associated with brief solar flares or outbursts euggeete that 
the S ci^nt-system flows mainly in or below the JS layer (or posdbly 
ate in the jPi layer). ' 
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The argument may be briefly repeated here: the connexion, between 
the solar outbursts, the radio fade-outs, and the magnetic variations, 
as shown by their frequent coincidence in time, which is far closer than 
could be attributed to chance. 

The radio data indicate that the fade-out is due to fleeting ionization 
in a layer below the E layer, at a height between 60 and 100 km.; 
electronic collisions are more frequent there than in the E layer, so 
that this new low ionized layer strongly absorbs radio waves which 
could otherwise be reflected downwards again by the upper ionized 
layers. The simultaneity in the production of this layer, and the obser¬ 
vation of the visible solar flare, shows that the ionizing agent travels 
with the speed of light, and is therefore presumably ultra-violet radia¬ 
tion.' In this respect it is similar to the ionizing agents mainly respon¬ 
sible for the E and layers, as has been shown by the study of the 
decrease of ionization in these layers during solar echpaes (15.6,24.8); the 
radiation during the brief solar outburst is, however, more penetrating 
than the normal ultra-violet radiation that produces the E and F layers. 
The sudden ionization below the E layer produces magnetic effects 
which, as Pleming [10.9] suggested, consist of an augmentation of the 
S field over the smilit hemisphere, including (as MoNish [10.10] showed) 
any peculiarities in the S field that may exist on the day concerned. 
This is most naturally explained, on the dynamo theory, by supposing 
that the convection currents and the associated electromotive forces 
which impel the S current-system are always present, not only in the 
layers which ordinarily conduct the S cmrent-system, but also in adja¬ 
cent layers; so that, if these become suddenly ionized, new and similar 
currents are set up in them which augment the regular S fiLeld. Taking 
the location of these extraordinary S currents to be known, as below 
the E layer, a presumption is created that the ordinary S currents flow 
in an adjacent regularly ionized layer, and therefore in the nearest such 
layer, namely the E layer, and possibly also in the layer. It seems 
unlikely, in view of the great daily variation of height of the j^a layer, 
that the daily convection currents in this layer are similar to those in 
and below the E and layers. 

The rapid increase and decay of ionization in the abnormal sub-B 
layer, during a solar flare, will prevent the current-system in this layer 
attaining the intensity which would correspond to the existing electro¬ 
motive forces, acting in a layer constantly ionized to the maximum 
degree occturing during the brief solar outburst. This must be allowed 
for in inferriog the intensity of the electromotive forces from' the 

aigii.30 n ^ jj. 
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otdvity K of this temporacy Layer, if the yalue of £ can be deduced 
radio obserrations. In this way it may be hoped that some hmow- 
may be gained as to the vaiiation with height of the dectromotive 
and oonveotion currents, between the level of the siib-E l&yQi, 
bat of the E layer itsdf . 

20. The effect of the sunspot cycle on S and L. The long- 
1 changes of intensity of the S field, during the course of the sun- 
syole (7.3), are naturally ascribed to changes in either or both of 
wo factors that govern S (according to the dynamo theory), 
ly the atmogfpherio conductivity K and the daily convection our- 
We cannot say apriori^UbsA the latter remain constant and that 
K changes with the sunspot epoch. Radio observations show 
bhe ionization of all the three main la3mis varies in synchronism 
the sunspot cycle; according to a recent report firom the Depart- 
of Terrestrial Magnetism of the Carnegie Institution of Wash- 
n [32], the ionization of the E and Fj layers was more than 46 per 
higher near the 1937 sunapot-maximum than at the previous 
)ot-minimum (1933), whereas the layer shows an increase of 
t 260 per cent. If the integrated conductivity K for each layer 
^8 in a similar ratio, this change alone, in the E layer (or E and 
s) would ebccount fairly closely for the change in S between these 
epochs; one mi^t therefore conclude that this is the sole or main 
3 of the long-period changes in the intensity of S, and that the daily 
ection in the layer (or E and F^ layers) does not undergo any 
red change in the course of the solar oyde. Such a conclusion 
jB not unireasonahle, hut must be regarded as'only tentative, to be 
ler examined as our knowledge of the ionosphere and of S and L 
inces. 

3e healing effects associated with the ionization of the upper atmo- 
re appear to be much greater in the JTj, than in the and layers, 
change in the intensity cf the J, ionization, in the course of the 
ipot cycle, may thus produce a long-period change in the average 
perature-distribution with height, in this layer. The height-distri- 
.on of the intensity and phase of the atmospheric oscillation at high 
Is appears, from the calculations of Pekeris, to be sensitive to the 
^t-distribution of the mean atmospheric temperature. It is there- 
> possible that though the lunar tidal potential is almost independent 
leight, and is certainly independent of the sun^ot oyde, yet the 
ur tidal circulation in the upper atmosphere may vary both with 
^t and with the sunspot epoch, on account of the varying thermal 
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structure of the upper atmosphere. TJutil this possibility is better 
investigated, it is not legitimate to conclude from the knovn variation 
of L with the sunspot epoch (a variation which is less than that for S) 
that L is produced in a layer whose integrated conductivity K varies 
by only 20 or 30 per cent, in the course of a sunspot cycle. If L and S 
are produced in different layers, and if S is produced in or below the 
E layer (or in the E and layers), it might seem necessary to conclude 
that the L current-system flows mainly in the layer. But the ioniza¬ 
tion of this layer appears to vary more with the sunspot cycle than does 
that of the E and layers. On account of the daily variation in height 
and thickness of the layer, the daily variation of ionization and of 
integrated conductivity K in this layer are probably less parallel to the 
daily variation of maximum ion-content than is the case for the lower 
layers; but there certainly seems a difficulty in associating L chiefly 
with the F^ layer, unless the lunar tidal convection is subject to large 
changes in the course of the sunspot cycle. These considerations at least 
suggest that the phenomena of the ionosphere are probably much more 
complicated than may appear at first sight, and that they cannot be 
expected to yield up their secrets readily. They give promise, however, 
of adding much to our knowledge not only of geophysics but also of 
solar physios. 

23.21. The day-to-day changes in S. The day-to-day changes in 
S, sometimes remarkable both in intensity and type (7.8), suggest 
day-to-day changes not only of ionization, but also of convection, in 
the S layers of the ionosphere. Changes of ionization may mainly 
govern the day-to-day changes of intensity of S, and will somewhat 
affect the ty^e, because their effect will not disappear at once, and 
win to some extent be carried round with the rotating earth; but it is 
hard to see how a beam of radiation, proceeding from a distant body like 
the sun, can produce irregular local inequalities of ionization over the 
earth (other than those depending merely on the sun’s zenith angle). 
Hence the day-to-day changes of type of the S current-system seem to 
imply passing irregularities in the convection system. It is not easy to 
conceive likely causes for such large-scale irregularities of convection, 
though changes of cloud-distribution over large areas in the lower 
atmosphere may appreciably modify the distribution of outflowing 
radiation in the ionosphere, and so affect the convective circulation. 
If such low-level phenomena should prove to be mainly responsible for 
the changes in the ionospheric convection system from day to day, 
there should be little or no long-period change (11 years’ cycle) in the 
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average ionosplierio convection system, because low-level meteorological 
pbenomena show practically no correlation with the sunspot cycle. 

As a possible cause of irregular local inequalities of ionization, the 
corpuscular solar radiation (causing polar hghts) must be mentioned. 
The deflexion of this radiation by the earth’s magnetic field (Oh. XXIV) 
mates its distribution more or less local in character. It seems certain, 
that—although some of its effects are visible only on the night side of 
the earth—^part of it wiQ also impinge on the day side, possibly increas¬ 
ing the ionization in the S current-layer. The fact that the day-to-day 
changes of S occur also in very quiet times does not preclude a partial 
dependence on variations of corpuscular radiation, because aurorae are 
very frequent in higher latitudes, and near the auroral zone some sort 
of polar aurora is seen every second night on the average, 

23.22. The effect of a solar eclipse on the S current-system- 
It is known from radio observations that during a solar eclipse the 
ionization of the and layers is reduced; this is in accordance 

with theoretical expectation, on the assumption (thus confirmed by the 
observations) that a main or important part of the cause of the ioniza¬ 
tion is ultra-violet radiation, travelling from the sun with the speed 
of light. The observations indicate about 50 per cent, reduction of 
ionization at the centre of the eclipsed area in the E layer of the iono¬ 
sphere (this centre may be at some distance horizontally from the centre 
of the eclipsed area on the ground, if the sun is at a low altitude as viewed 
from the eclipsed area); the reduction in the F^ layer appears to be less 
than 50 per cent., as would he expected in view of the slower recombina¬ 
tion of free charges at the higher levels. 

The echpse-reduotion of ionization implies also a reduction in the 
integrated conductivity K for each layer; this must affect the distribu¬ 
tion of any electric currents flowing in the layer. 

Many attempts have been made, particularly under the influence 
of Bauer, to determine whether during solar eclipses there are magnetic 
variations that can reasonably be associated with the eclipses. A brief 
account of the results is given in 10.8, Opinions have been divided as 
to whether eclipse effects on the magnetic field have been demon¬ 
strated: Bauer [33] was convinced that they had been established, Chree 
[34] left judgement in suspense. The question at issue, so far as the 
observations go, concerns quite small changes in the field, of magnitude 
20 y or less. This is natural, since the eclipse-reduction of K can only 
affect the small part of the field that is due to upper-atmospheric current- 
systems; this includes the ‘external’ parts of the S, L, and disturbance 



I jt Krriu T or not .ah KturwK cin s <*r uiient bystkm m 

\0} fif'KU Any r« niTnrt fin thn 0 ruriT»iit nyntrinn will lie mixed 
np Hitli D tlmt hnvr iiti rv'tiitiufi %Mth the erlipne, rind it will 

urnn^ly Iw* !<» lii^Mtinn^li* flit' twn t»f vnrintinin The L 

thdd, <»n thf «i!hr»r Imiid, H t^wi nfnnU t«» n««ihitnil tin a nin^le «la)% and 
<iri h}ww^ i u|ii»ii i! |4i prarf tt'itlly lan niit! tnir ahility to tlHermiim 
frtiin fifiMDit tli^nie thfi only nrlipHi» niinrt that Ima any 

rhnnrc* nf o|^'r\ f^l \n till!' alTi^’l in^* I he S i tirttMil aVMteni; an eelipHi^ 
iM rtimni* «»n a day nl niaj^nirtir nihit iiuiy runti’iv ahly nnalily the S field 
apprtNiahIv. The uilrnaify of the external pari nf th«^ S Held, at the 
rafih'n •tirfa^'e, m a)M»itf or .1ey. and an eelipae may Im Htt(i{Hmeti to 
inc'reajie or i|rN*rr»aae tln^t hy iwiine iinHlerate fraiiion tif Uje wluile, 
Idiaptnaii (TIA) Ima fitmniuMMt ihfi nature of the ertipae ejTeet to Im 
ex|ie<*te«| i^itnir^iptent njM*ii a *em|ioriirv n^lin lion of K *»ver f he eelipHed ^ 
ami llie mho lion ^iill i.ary from /erti a! llie ivf^e of the area, to a 
maxminm near ihe dlufi runiinnoUHly varying retluetjnn of K 

iM^rtim m a (rtirveil) iomM|ilieri<' re^fitm over uliirli A* aUo variea (ill" 
tleneiidenlly «»f the ei li|ww») with the latitmle and lon^itmle, In hta 
iimUienmfieal raleidationa, rimpman atit>atttitte<l for tlua rather eom* 
pliiale«l prohletii the simpler pirliire f»f a plane «HinduelinK aheet, in 
whedi a f irettlnr area haa a iimform <<mdiii tivity K\ lean than that (A*) 
f»f ihe reiii td t|»r uliet^l. It m a aiiiiple mailer fo ealeiilate the ehan|;i;e 
nhn h f»u* li an iimpiahly of i^itidin livily wmild prtHiin'i% in a ayaUnn 
of riirreiit flow line lo a uiitloriii iiindireetional external eleetrie Held; 
jiui'h a tield, in a plane nhi^^l of titiiform etiiidiirlivily ihfoujilMmt, w^unlil 
of i«iiirw^ proilme a utuform tinidireeh»»nal eiirrent flow; tlila ia nitMlilleii 
hy the noli iiinforni londm tivil v over the eireular anvi, repreaentiniiC the 
f«r|||i«r«t area of the lofioaphere. Fijj, Wa ahowa the miaiilleation of ihe 
tiiilforiti etirrenf nyulrm, for the eaae alien A’ ^K. the eiirrent line# 
are draan at inlrnaU «<»frein|iondinr? to efpial eurreiiidhnv lietween 
a«l)a<rx*nl hnesii It in «leaf that even a |*er <e*nf. riHjiirtion of A over 
the «iretilar area |4»howM hy a d*»tle<l line) d«a'*a not greatly tlialori the 
riuteiit flow d he fliftoff ioti nhoati m eipiivaleiit to that whieh would 
reaiill if llie < iirreni n^ftteni m Fn» lif# i(iere on the uniform 

riireeiit a)iitrm whi* h wiiiild lie pnwfit if the l^♦lltIll^tivity f»f the aheet 
wwe rvefjwhere tiniform llie loirmil hiiea in Fiif. W/# are drawn at 
Inlf^aU atirh that liefwrt n eaeh afljamil fwiir the i timml flow ia only 
uf that lietaeen a*tjaf^iit Iiiiea in Fi^t- Pn. The maifnetie 
fletkl of till* a«htilioual etirrenl ayntem repreaenta the inaicnetie dlatiir* 
tauiee doe to tire retluelh»n td e<m*luelivily over the eireiilar ami. 

jhii&i ItuiMi itiwi ft fttif tTumMeniation 


796 


SOLAR AND LUNAR MAGNETIC VARIATIONS Chap. XXni 


of the qualitative change in the distribution and intensity of the S 
current-system, when the eclipsed area happens to lie over a part of 
the S system (cf. Figs. 20.1, 20.2, p. 696, or Figs. 7.16, 7.16, p. 229) in 
which the current-flow is fairly uniform. The size of the area over 
which the ionization is materially reduced during an eclipse is fairly 
small compared with the area covered by each of the two great current- 



Fig. 9. Illustrating the effect of a circular area of reduced conductivity, in a plane 
conducting sheet carrying a current-flow which, apart from this area of reduced 
conductivity, would be uniform; the left-hand diagram (a) shows the distorted 
current-flow, and the right-hand diagram (6) shows the ‘distorting* current-system 
which is superposed on the uniform current-flow. (This illustrates the effect of a 
solar eclipse on the current-flow in the ionosphere) 

circulations over the sunlit hemisphere, as shown in the figures cited; 
the diameter of the penumbral eclipse region is about 4,000 miles, but 
the area over which the reduction of ionization is one-third or more is 
only about 1,000 miles; this may be called the inner eclipse area. It is 
only about one-tenth as large as the area of the current circulations over 
the day hemisphere. 

Taking the diameter of the circular area in Figs. 9 a, 96 to be 1,000 
miles. Chapman calculated approximately the magnetic field, at 
ground-level, of the disturbing current-system of Fig. 9 6, taking this to 
be situated at a height of either 60 miles (the E layer) or 160 miles (the 
F layer); his calculation referred only to points on the ground along the 
line Oy, perpendicular to the direction Ox of the undisturbed current- 
flow in the layer. 

Let H' denote the field of the (horizontal) uniform current-flow; this 
field is likewise horizontal, perpendicular to the current, and the same 
at all points, since the current-flow is supposed plane and tmiform. 
Vertically beloy^ the centre 0 of the eohpsed area of the current-layer, 
the disturbance due to the current-system of Fig. 9 b has its maximum 
value, and corresponds to a reduction of H' by the amount 0-28j£r' 
(if the S currents flow in the E layer) or 0'22H' (if their height is 160 
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miles), supposing K' = in either case. At points along Oy, at a 
distance from 0 greater than the radius of the circle of reduced con¬ 
ductivity, the disturbance in H' will be smaller, and of the opposite 
sign (an increase); between such points and 0 the disturbance will 
vanish and change sign. 

The reduction of H' at the point below 0, as here calculated, wiU be 
increased to a small extent by the field of the current-system induced 
in the earth by the system of Kg. 96; it wiU be decreased, however, 
owing to the fact that the system of Fig. 96, as calculated, refers to the 
steady state, whereas in an actual eclipse K' varies from K to (say) 
iK and back to K again, and the ‘distorting’ current-system (Fig. 96) 
will not attain its full value corresponding to a steady state in which 
K' = ^K. Moreover, the eclipsed area is not stationary, but moves 
Tepidly; t.bin fact is not taken into account in the above discussion. If 
the motion should happen to be nearly transverse to the local direction 
of the S current-lines, the fractional reduction in H' should be experi¬ 
enced successively at difrerent points along the track of the eclipse 
centre. 

The value of H' is not necessarily given by the departure of the 
horizontal force and of the magnetic declination from the mean value 
for the day, but is more likely to be given by the departure from the 
values of these elements shortly before dawn, when the atmospheric 
ionization, and presumably the S currents, are least. Thus at points \ 
near the centre of the eclipsed area, when this centre does not fall too \ 
near a focus of the S current-system,' %^magnetograph oj^ 1 

horizontal intensity or declination may be expected to deviate from ^ 
their normal courso by less than one-third the way towards their night 
values. The expected deviation is therefore of amoiint 10 or 20 y at 
most. The effect should decrease with increasing distance from the 
centre of the eclipse, and be reversed beyond about 600 miles from the 
centre (along a line in the direction transverse to that of the S current- 
flow at the time of the eclipse); the reversed changes will be only a 
fraction of the central changes, and will be difficult to establish 
with certainty. 

If the S currents flow in the layer (as Chapman considered not 
improbable at the time of his discussion), the eoHpse changes wiU be 
BtiU smaller; but the E layer, or below, is perhaps the more likely 
location of the S currents. It would therefore appear that the edipse 
changes wfll not be too small to be observable under favourable condi¬ 
tions, when the eclipse occurs on a magneticaUy calm day, and when the 
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track crosses the region between the current-foci, where the current- 
flow is fairly xuuform in direction. 

In 24.8 an account is given of another possible effect of a solar 
eclipse, due to the interception by the moon of neidml corpuscles from 
the sun; this would affect the ion-content of the atmosphere in regions 
different from those over which the sun is visibly eclipsed, so that if 
S were partly produced in the layers thus affected, the S field would 
be modified slightly over these additional regions. 



XXIV 


CORPUSCaLAR EMISSIONS PROM THE SUN, AND 
GEOMAGNETIC DISTURBANCE 


24.1. Corpuscular streams, or bursts of ultra-violet light? 
In Chapter XXm the S and L fields were discussed, and attributed to 
dynamo action in one or more layers of the ionosphere, ionized mainly, 
if not wholly, by idtra-violet light from the sxm. The conclusion that 
this is the main source of the ionization is based partly on the much 
greater ion-content over the day than over the night hemi^here, 
which shows that the ionizing agent travels from the son along a straight 
path; furthermore, observations of the ionosphere during solar eclipses 
(§ 8) indicate that the ionizing agent travels with a speed indi s t i ng nis h- 
able from that of light, and is therefore most probably light, and, 
because of its high ionizing power, ultra-violet light (16.6). It is possible, 
however, that neutral solar particles also contribute to the ionization 
of the upper atmosphere. 

The ph^ncTTiftna, of aurorae and geomagnetic disturbance (which in 
this chapter will together be referred to as the D phenomena) show mmy 
close relationships with the sun, where their primary cause is certainly 
located. How the sun acts to produce the D phenomena is, however, 
still in doubt. Schuster [1] thought that these phenomena result fi»m 
a sudden intensification of the ionization of the upper atmosphere, by 
an increase in the ultra-violet radiation firom the sun; it is now ^own, 
however, that the short flares of intense ultra-violet light occasionally 
observed, and accompanied by radio fade-outs, only cause a temporary 
augmentation of the S field (10.3, 23.19)—an effect quite different bom 


the D phenomena. 

The contrast of intensity of the S and L Adds, as between the day 
and night hemispheres, is not shown by the D phenomena; hence ^ese 
suggest action by some solar agent that can reach the dark hem^here, 
turned away from the sun. as weU as the sunlit hemisphere. Such m 
agent must be able to travel along a curved path, at lea^ m the neigh¬ 
bourhood of the earth. Birkeland [2] concluded from this that elecjnc 
charges are the cause of the D phenomena, since such m motion 

near the earth, wiU be deflected by the earth’s magnetic field, and so 

can get round to the dark hemisphere. Such deflexions may also exp^ 

anoier outstanding property of the D 

aurorae are most frequent in the polar regions, particularly m the 

8695.80 n 
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auroral zones centred at the earth’s magnetic axis-poles, and that 
geomagnetic disturbance is most intense and most locally differentiated 
in these regions. This may be called the polar property of the D 
phenomena. 

It is extremely difificult to account for this polar property if the 
cause is regarded as ultra-violet light, falling only on the sunlit hemi¬ 
sphere. Hulburt and Maris made a spirited attempt to construct an 
(ultra-violet) light hypothesis of the D phenomena (25.8), but with 
doubtful success. As McNish [10.10] has pointed out, the observed 
magnetic effects of the solar flares associated with radio fade-outs tell 
heavily against the light hypothesis of the D phenomena. 

Another property of these phenomena which is unfavourable to a 
light hypothesis of their origin is the 27-day recurrence tendency 
(Ch. XII). This, which will be called the recwrrence-pTopeTtj, has 
been very fuUy discussed by Maunder [11.34]. He showed that it 
can be most naturally explained by supposing that the sun emits 
streams of corpuscles from disturbed areas throughout intervals of 
time often extending over more than one rotation period of the sun; 
the D phenomena are supposed to be caused in some way when the 
stream encounters the earth. As the sun rotates, the direotion of 
emission changes continuously, and the stream will sweep round, like 
water from a fire-hose whose direction of emission is rotated. If the 
stream is suitably directed, and the emission continues over a sufficiently 
long period, a stream which once encounters the earth will sweep on 
and may encounter it again, once or more, after successive rotations 
of the sun. This accounts for the 27-day recurrences; the fact that 
there is only a probability or tendency for recurrence, and not a 
certainty, can be explained in several ways; the emission of the stream 
may be intermittent or brief; the direction of emission may change; or 
the earth may move along in its orbit out of the track of the stream. 
This explanation fits well with many observed properties of disturbed 
areas on the sun. These often endure for more than one rotation period, 
but rarely for many such periods; old disturbed areas die away, and 
new ones appear elsewhere. 

This interpretation of the recurrence property of the D phenomena 
implies that the solar agent travels outwards in laterally limited streams; 
these may pour out from the sun continuously, and not only during 
periods of geomagnetic disturbance; times of magnetic calm may occur 
either because there are no streams, or because the streams do not pass 
near the earth. 
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It is difficult, though perhaps not quite impossible, to suppose that 
bursts of ultra-violet light from the sun can be laterally confined, like 
a lighthouse beam. If they came out of deep holes on the sim, or were 
in some way focused into a beam before leaving the sun, they might 
be as compatible with the recurrence property of the D phenomena 
as the corpuscular streams; but this is hardly conceivable. It seems 
likely that a burst of ultra-violet light occurring anywhere on the visible 
hemisphere of the sun will affect the earth, though doubtless with 
greater intensity if the outburst occurs near the centre than near the 
edge of the disk. If such bursts are associated with disturbed solar 
areas, as it is natural to suppose, then they will affect the earth only 
when these areas are on the visible hemisphere. Their terrestrial effects 
may therefore be supposed to show the influence of the sun’s rotation, 
by being more frequent in certain half-rotation periods than others, 
namely, in those during which the more disturbed hemisphere of the 
sun faces towards the earth. If the disturbed areas emitted ultra¬ 
violet light (with special intensity) throughout their lifetime, the 
terrestrial effects of this light should show the same weak and blurred 
influence of the solar rotation that is seen on the 27-day time patterns 
of sunspot numbers or areas for the whole disk of the sun (see Table I 
at the end of this book); each sunspot contributes to the daily sunspot 
figure for all the days of its visibility on the sun. If, however, the out¬ 
bursts occur only sporadically during the lifetime of the disturbed area, 
the influence of the solar rotation on their statistics, and likewise on the 
statistics of their terrestrial effects, will be further weakened. Hence 
the rather marked recurrence property of the D phenomena seems 
unfavourable to the light hypothesis of their origin. It seems to favour 
some form of corpuscular hypothesis. 

(Incidentally it may be remarked that this argument suggests the 
improbability of a marked 27-day recurrence tendency for the solar 
flares associated with radio fade-outs. DeUinger [10.7], had indeed 
suggested that these show even a 55-day recurrence tendency; but the 
data are as yet insufficient to establish any definite conclusion on the 
point.) 

24.2. The emission of corpuscular streams. Eclipse photo¬ 
graphs of the sun sometimes show great extensions of the solar corona in 
particular directions, and these seem to be usually associated with 
disturbed areas which are near the limb of the sun at the time of the 
eclipse. On a few occasions, far-reaching and laterally limited coronal 
streams have been photographed, extending outwards much beyond 
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the ordinary limits of the corona. There is consequently some visible 
evidence for the occurrence of corpuscular streams from the sun. 
Uprushes of solar material above disturbed areas are frequently 
observed, but often the material falls back again to the surface, perhaps 
in the form of an arched prominence. Occasionally thin wisps of gas are 
seen to be impelled upwards, apparently travelling right away from the 
sun [8]; one such has been observed [9] to have a velocity of over 
700 km./sec. 

Such phenomena observed near the edge of the solar disk indicate 
emissions directed nearly at right angles to the direction from the sun 
to the earth. Allen [10] has observed a corpuscular emission travelling 
towards the earth with a velocity of 750 km./sec., as indicated by the 
displacement towards the ultra-violet of spectral lines for the light 
from dark ‘markings’ on the sun. But solar physicists have not yet 
succeeded in identifying the occurrences on the sun’s surface which 
can with reasonable certainty be regarded as the cause of magnetic 
storms. One of the remarkable features of solar and geomagnetic 
statistics is the frequent great dissimilarity between the 27-day time 
patterns of magnetic activity and those of sunspot numbers or other 
indices of visible solar disturbance; all the solar indices appear to be 
much more closely correlated with one another, from day to day, than 
with the magnetic activity. If and when it becomes possible to observe 
the emission, from the sun, of the agencies that cause geomagnetic 
disturbance, it will become merely a question of fact, based on observa¬ 
tion, whether the emission proceeds continuously, and is terrestrially 
effective only when the disturbed area on the sun is suitably directed 
in relation to the earth, or whether the emission is confined to periods 
corresponding (perhaps with some time-lag) to those of magnetic 
disturbance. 

Little is known at present of the way in which the sun ejects matter 
from its atmosphere; Pettit [8] and his collaborators, who have closely 
studied the vertical motion of solar prominences, conclude that the 
material is subject to repeated sudden impulses rather than to a 
continuous acceleration. Milne [6.14] showed theoretically that, at 
high levels in the solar atmosphere, upward-moving atoms might be 
continually accelerated away from the sim; if the chief support of 
the atmosphere at such levels is provided by selective radiation 
pressure, by absorption of sunlight in a particular line or Ijnes of the 
spectrum, the upward-moving atom, owing to the Doppler effect, may 
become able to absorb in the neighboring spectral region outside the 
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absorption line. It will then be subject to a greater radiation pressure 
than the other atoms, and be driven right away firom the sun, Milne 
showed that the velocities likely to be thus obtained, at a great distance 
from the sun, do not much depend on the mass of the atom or on the 
particular absorption line; they are of the order 1,600 km./sec. The 
process may affect either neutral or ionized atoms. If for some reason 
such emission occurs with special intensity from a particular region 
of the sun, a corpuscular stream of neutral atoms, or positive ions, or 
both, will proceed outwards from this area. While this type of emission 
appears likely to occur, no definite observational evidence indicating its 
occurrence seems to have been obtained. The subject of solar emissions 
has been further discussed by Pike, EjLepenheuer [34, 36], Waldmeier 
[36], and others. 

Pike [11] showed that the vertical instability due to the Doppler 
effect, on which Milne’s process of emission is based, will have also a 
horizontal counterpart; this may be brought into play by local tempera¬ 
ture inequalities on the sun’s surface, or merely by an abnormal hori¬ 
zontal component of atomic motion in the absence of such temperature 
inequalities. On this basis Pike gave a general explanation of promi¬ 
nence motions, showing that sunspots, owing to the deficiency of 
radiation pressure Jfrom them, must act hke centres of attraction to 
prominence matter in their vicinity, causing the matter to be drawn 
towards them, as is often observed. Sunspots axe often thought to be 
associated with magnetic storms, but if so this would seem to be due 
to their association with neighbouring bright areas, which are able to 
eject matter away from the sun, m spite of the ‘attraction’ exerted by 
the spots themselves. 

Pike showed also that atoms which in some manner gain a moderately 
abnormal hovizovdal velocity component will be vertically as well as 
horizontally accelerated; unless drawn back into the sun by neighbour¬ 
ing dark areas or susaspots, they may leave the sun altogether. 

Particles ejected from the sun with a speed which, over a considerable 
fraction of the distance between the sun and the earth, is of the order 
1,600 km./sec., would take about 26 hours to travel to the earth’s orbit. 
This is about equal to the interval found by Greaves and Newton, 
and by Abetti, for the interval between the passage of notable sunspots 
across the sun’s central meridian, and the begi nn i ng of great magnetic 
storms apparently associated with the spots (Ch. XI). Maurain found a 
rather longer interval (about 2*6 days) between days of notable geo¬ 
magnetic disturbance and the epoch of maximum sunspot number in 
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the neighbouring period. These statistical results are generally regarded 
as favouring a corpuscular speed of 1,000 to 1,600 km./sec. 

] Some writers, however, such as Birkeland [2] and Dauvillier [7], have 
for various reasons suggested that the sun, by some imexplained process, 
is able to eject streams of charged particles with a speed far greater than 
these, indeed approaching that of light, and have attributed [3—6] agreat 
variety of phenomena, terrestrial and extra-terrestrial, to their agency. 
Auroral and geomagnetic disturbance due to such particles should begin 
after only a few minutes from the time of their emission. 

24.3. The geometry of corpuscular streams. Chapman [12.17] 
has discussed the geometry of a stream of corpuscles emitted continu¬ 
ously from a small region P on the rotating sun (12.9). The velocity 
of emission was supposed to have a constant radial component Vq and a 
transverse (solar horizontal) component coo®, where a (= 7x10® km.) 
denotes the sun’s radius. The particles were supposed subject after 
emission only to radial forces, so that their angular momentum about 
the sun’s centre 0 remains constant, and the transverse velocity at 
distance r from the centre is cor, where cor® = coq a®. The radial velocity 
at distance r is supposed to be v = /(r). The analysis will not be repro¬ 
duced here; only the main results will be described. 

The particles emitted prior to any time t will lie along a certain curve, 
and each point on this curve will correspond to an earlier instant of 
emission (io), a parameter of the point. If the initial transverse velocity 
of the particle is merely that of the sun’s rotating surface at the point 
of emission (this velocity at the sun’s equator is only about 2 km./sec.), 
and if either V(, or v, beyond a distance of not more than a few solar 
radii from the centre, is of order 1,000 km./sec. or more, then the path 
of any individual corpuscle will be approximately along the radius OP 
drawn through P at the instant of its emission; actually jste^ath will 
diverge slightly from this radius in the ‘forward’ directiiiiiC ‘forward’ 
here meaning in the direction of the sun’s rotation. Bvin if the initial 
transverse velocity is as great as 100 km./sec., the path of the particles, 
beyond a distance of a few solar radii, wUl be nearly along a straight line 
through O; it will be inclined slightly to this hne, either forward or back¬ 
ward according as the horizontal component of the velocity of emission 
is forward or backward.. 

The curve of the stream, however, will bend in the backward 
direction, lagging behind the sun’s rotation. This curve will change 
its position but not its form as t changes; it will sweep forward with 
and round the sun, like the water from a moving fire-hose, as already 
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mentioned. Some confusion of thought has at times arisen on this 
point, thQ rotation of the curve of the stream beiag supposed to imply 
rotation of the matter of the stream round the sun, like the rotation of 
a rigid body; this idea is of course in direct opposition to the law of 
conservation of angular momentum. The material of the stream moves 
almost radially outwards at all distances, and therefore advances 
obliquely to the curve of the stream. This curve is merely the changing 
locus of a line of moving particles. 

The initial transverse velocity of the particles can probably be 
neglected, in the case of most streams that reach the earth, if the 
average radial velocity is of order 1,000 km./sec. or more. If is con¬ 
stant, the angle subtended at the sun’s centre O by the curve of the 
stream, between the point of emission P (supposed situated on the sun’s 
equator) and the point where y is equal to the radius (= 1-6x10® km.) 
of the earth’s orbit, wUl be 24° if u = 1,000 km./sec., 16° if v = 1,600 
km./sec., and 12° if « = 2,000 km./sec. These angles are also very 
nearly equal to the inclination of the curve of the stream at P to the 
radius from O. 

If we ignore the obliquity of the sun’s axis to the pole of the eclLptic 
(the plane of the earth’s orbit), then a stream emitted radially from a 
point on the sun’s equator will sweep round across the earth’s orbit. 
The particles advance nearly radially, and the curve of the stream 
sweeps onwards round the sun, while the earth moves forward in the 
same direction; but whereas the earth traverses its orbit only once in 
a year, the sun’s equator rotates once in 26 days, so that the stream 
will overtake the earth. Successive passages of the stream across the 
earth will, owing to the earth’s motion, take place at intervals of about 
27-3 days (the sun’s synodic rotation period). 

This is illustrated by Fig. 1, in which the stream-curves are drawn 
for two corpuscular speeds, one very small (200 km./sec.) on the left, 
and the other, on the right, 1,000 km./sec. The dotted lines show the 
stream-curves or lines of particles previously emitted from a point P on 
the sun, at the instant when P is on the centre of the sun’s disk as seen 
from the position A of the earth in its orbit. When the strea^ over¬ 
takes the earth, this has moved on to the point B; the time elapsed is 
9*3 days or 1-7 days in the cases illustrated; this exceeds the time of 
travel of the particles from the sun to the earth’s orbit, because of 
the orbital motion, the difierence being 16 and 3 hours in the two oases 
shovni. The radial lines in the diagram on the left are drawn to the 
particles emitted 1, 2 ,... days after the epoch when the earth was at A. 



806 


CORPUSCULAR EMISSIONS FROM THE SUN Chap. XXIV 


The stream will overtake the earth on its rearward side (looking 
along the direction of orbital motion); which, since the earth's rotation 
about its axis is in the same sense as its revolution in its orbit, is its 
post meridiem hemisphere. The first contact of the stream with the 
earth will be near the evening twilight meridian, but actually a Httle on 
the sunlit side of this meridian, owing to the curvature of the stream. 




\ 

Fiq. 1. Rliistrating the curvature of a stream of particles, continuously emitted radially 
from a point on the sun, owing to the sun’s rotation. The radii of the sun and of the 
earth (indicated by the small circles A and B, at two points along its orbit) are shown 
magnified tenfold, in relation to the distance (the orbital radius) between them. On the 
left the speed of the particles is taken to be 200 km./seo., and on the right, 1,000 km./sec. 
On the left the continuous heavy line represents the particles, and the numbers along 
the line indicate the positions of particular particles emitted at e(^ual successive intervals 
of time; each such particle has, since its emission, travelled along the radial line shown 

If the obliquity of the earth's equator to the ecliptic is ignored, the first 
contact of the stream with the earth will occur on the equator at about 
^ 40“^ p.m., 6 p.m., or 5^^ 12*“ p.m. if z; = 1,000,1,600, or 2,000 km./sec. 
respectively. These results take no account of the possible magnetic 
deflexion of the stream near the earth. 

The time taken for the line of the stream to sweep across the earth 
is independent of the speed v\ it is governed only by the sun's synodic 
rotation period, and by the angle 17*6" subtended by the earth's 
diameter at the sun; it is found to be about 30 seconds (cf. 9.24). 

If the stream, instead of being merely a mathematical line, proceeding 
from a point P on the sun, is emitted radially from a small but finite 
area on the sun, it will, at any time % occupy a volume shaped like a 
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curved diverging tube. This tube will be bounded by the surface 
described by the line of particles (for the time t) emitted from a point 
P on the boundary of the solar area, as P is made (in imagination) to 
travel round this boundary. The diameter of cross-section of the 
stream, at the earth’s distance i?, wiU be BJa times the diameter of the 
emitting area; Rja = 216. The area of cross-section at the distance R 
will be {Rja)^, or 46,000, times the area of emission. The density of 
the stream at the distance R will conversely be only 1/46000 times the 
density at emission, supposing v constant; if is not constant, the 
ratio is (vo/«;)(a/i2)2. If the emitting area on the sun is a circle whose 
diameter subtends only 1° at the sun’s centre O, the diameter of the 
stream at the earth’s distance will be 200 times that of the earth. Thus 
a stream emitted from even so small an area on the sun would com¬ 
pletely envelop the earth; it would take 200x30 seconds, or 40"^, 
to sweep right across the earth, from the first contact of its forward 
surface with the earth’s p.m. hemisphere, to the last contact of its 
rearward surface with the a.m. hemisphere. 

If the duration of a magnetic storm (say 1 day) be regarded as indi¬ 
cating the time during which the earth is enveloped in such a solar 
stream, the diameter of the stream near to the earth must be much 
greater, nearly 3,000 times the earth’s diameter; this would correspond 
to an emitting area subtending an angle of about 15° at the sun’s centre, 
if the emission is radial. 

It is not likely, however, that the emission is strictly radial. The 
gas emitted is likely to have the solar temperature, which, taken to be 
6,000°, corresponds to thermal velocities of 11 km./sec. for hydrogen 
(H) atoms, and 1‘8 km./sec. for calcium (Ca) atoms. The lateral com¬ 
ponent of these thermal velocities will cause a sideways expansion of 
the stream. This is m addition to the expansion above described, due 
merely to the divergence of the radii from the sun’s centre 0 to the 
various points of the emitting area. If the stream is uniformly acceler¬ 
ated from a small radial velocity at the sun to the velocity 1,600 
km./sec. ne^r the earth, so that its time of travel from the sun to the 
earth is two days, the thermal broadening of the stream during this 
interval will be 3-8x10® km. or 6-2x10® km., for streams composed 
of H and Ca atoms respectively. This will represent a greater or less 
ratio of expansion, according to the size of the emitting area; if the 
angular diameter of the area, viewed from the sun’s centre, has the 
values 1°, 6°, 10°, 15°, then at r = R the breadth of the stream, apart 
from the thermal expansion, will be respectively 3-8x10®, 1-9x10’, 
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3*8x10'^, 5-7x10’ km. The ratio of the thermal broadening to this 
breadth is, in the respective cases, 1, 1, for hydrogen atoms, and 
^ 2 , for calcium atoms. Clearly the thermal broadening is of 
importance only for narrow-angle streams, and more particularly for 
those composed of hydrogen or other light atoms. 

24.4. The influence of the heliographic latitude of the source. 
The sun's axis is not normal to the ecliptic, as has been supposed, for 
siqpLphcity, in the above discussion; it is inclined at 7-3° to the normal. 
The earth attains its maximum northerly and southerly heliographic lati¬ 
tudes (+7-3° and —7-3°) on about September 5 and March 5; it crosses 
the plane of the sun's equator on about June 6 and December 5 (5.1). 

Moreover, the emitting areas, if they are supposed to lie in the same 
latitudes as sunspots, will occur most often between heliographic 
latitudes 10° and 15° (N. or S), though they appear at times in all 
latitudes between ±30°, or even beyond. 

If the emission is radial, and the emitting centre does not lie on the 
sun’s equator, the curve of the stream will not lie in a plane, but will 
describe a surface of revolution about the sun’s axis, approximating 
to a cone at distances of order JR. The position and extent of the stream 
at such distances depend mainly on the direction of emission rather 
than on the precise situation of the emitting centre. In the absence of 
evidence to the contrary, it seems reasonable to assume that the emission 
from any point is on the average along the radius through the point, 
though there may well be many deviations from this mean direction. 

Consider a conical stream of semi-angle a, emitted so that its axis 
is inclined at the angle I to the sun’s equator; if the emission is radial, 
the emitting point must be in heliographic latitude 1. The stream will 
sweep over any distant object of which the heliographic latitude lies 
between Z±a; the latitude (V) of the earth must lie between these 
limits if a magnetic storm is to occur. When V = 0, that is, near the 
solstices, streams radially emitted from areas in the latitudes ±12J° 
must be of angular breadth not less than 25° in order to affect the earth. 
When V = 7-3°N., the angular breadth need only be 11° for streams 
radially emitted from areas in north latitude 12|-°, though for streams 
from an equal southerly latitude the breadth must be at least 40°. It 
would therefore seem likely that in September magnetic disturbance is 
commonly due to northern solar areas, and in March to southern solar 
areas. Attempts have been made to test whether the sunspot and 
magnetic data are in agreement with this expectation (cf. p. 416), but 
no final conclusion has been reached. 
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It is well known that the frequency and intensity of terrestrial 
magnetic disturbance have two annual maxima, at about March and 
September, with intervening minima near the solstices (11.9). 

These maxima and minima are the same for the earth’s northern and 
southern hemisphere, showing that they are not due, like the ordinary 
terrestrial seasons, to the annual changes in the orientation of the earth 
relative to the sun. 

The changes of magnetic disturbance refer to the earth as a whole, 
and recur year by year as the earth revolves round the sun; hence they 
may reasonably be attributed to the changing position of the earth as 
a whole, being determined by its heliographic latitude (and longitude); 
this accords with the suggestion made by Cortie [13], that the reason 
why the maxima of disturbance occur near the equinoxes is because 
then the radius from the sun to the earth is nearest to one or other 
maximum sunspot zone. If on the average the solar emissions are 
radial, it is necessary, for this explanation to be satisfactory, that 
streams of which the angular breadth exceeds 11° shall be more than 
twice as numerous as those of which the angular breadth exceeds 25°; 
for at the equinoxes all the former, but from one zone only (except the 
few of breadth greater than 40° from the other zone), will sweep over 
the earth, while at the solstices streams from both zones equally will 
sweep across the earth, but only if their angular breadth exceeds 25°; 
and the conjunctions are more frequent at the equinoxes than at the 
solstices. The restriction is not accurately stated, because of the 
‘spread’ in the latitudes of the emitting areas, and in the directions of 
emission relative to the radius through the point; but it is clear that 
the equinoctial maxima of magnetic disturbance imply a restriction of 
this kind. The restriction itseK, as above stated approximately, does 
not seem at aU improbable. 

24.5. The penetration of the corpuscles into the earth’s 
atmosphere. Chapman’s geometrical discussion of a corpuscular 
stream, summarized in § 3, is essentially independent of any particular 
hypothesis as to the mode or velocity of emission of the solar stream, 
though the illustrative calculations have mostly referred to velocities of 
the order (1,600 km./sec.) suggested by Milne’s theoretical process of 
emission. This velocity seems to agree well with the statistical estimates 
of the time of passage of the corpuscles from the sun to the earth, though 
these estimates cannot be completely relied on, so long as we cannot 
identify the emitting areas on the sun. 

There is, however, a difficulty, to which Milne himself [5.14] drew 
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attention, in explaining how particles with no greater speed than this, 
even if they are as massive as calcium atoms, can penetrate so far down 
into the earth’s atmosphere as the observed lower level of auroral rays, 
which is often at 90 or 100 km. height, but sometimes distinctly lower, 
even down to 70 or 66 km. height. 

After reviewing the experimental data bearing on the penetration 
of air by calcium atoms with this velocity, Milne concluded that the 
equivalent air-range of such particles, that is, their range in air of the 
density existing in the atmosphere near the ground, is about 0-15 cm* 
He also pointed out that, according to the calculations by Chapman 
and Milne [15.6 a], the equivalent air-ranges down to 100 km. and 
80 km. height respectively, along a vertical path, are about 0*4 cm. 
and 6-6 cm. Even the former is thrice too large to be consistent with 
the supposed velocity of the calcium atoms. Actually, however, the 
difficulty is much greater, because there can be little doubt that the 
densities calculated by Chapman and MUne for heights above 80 km. 
aore too small (Ch. XV); the exact values are still uncertain, but their 
estimates of the equivalent air-ranges down to 100 and 80 km. respec¬ 
tively should probably be increased by factors of about 4 and 2, to 
about 1-6 and 10 cm. The latter is beyond the range (7 cm.) of the 
fastest particles from natural radio-active atoms, and even the former 
is ten times as large as the range of the calcium atoms moving with the 
velocity estimated by Milne. 

Unless some undiscovered mechanism exists which imparts much 
greater velocities to the solar corpuscles (of. § 10), possibly only in the 
near neighbourhood of the earth, we must conclude that the earth’s 
atmosphere is more penetrable, down to 100, 80, or even 70 km., than 
is radicated by our present information concerning the upper air and 
concerning the range of atomic particles moving with high speeds; or 
else we must conclude that the lower limits of auroral luminosity do 
not mark the depth of penetration of solar corpuscles. The latter 
solution of the difficulty seems improbable; it would imply that the 
low aurorae correspond to electric discharges induced by corpuscular 
precipitation at higher levels; if so, it would seem difficult to accoimt for 
the often rather definite form of the auroral rays. 

24.6. The detection of the corpuscular streams by solar 
observations. The density of the solar streams is not yet known, 
either hy inference from the solar conditions, or from any established 
theory of the geomagnetic and auroral phenomena which are attributed 
to such streams. It seems of interest to point out that, if the emission 
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process is as suggested by Milne, there is some possibility [12.17] of deter¬ 
mining the density directly and of detecting the presence of the stream 
between the earth and sun, by comparing the intensity of the solar 
spectrum near the main absorption lines, at times of magnetic quiet 
jand of magnetic disturbance. At the latter times the earth is probably 
enveloped in the stream for many hours, or even for days, and the whole 
!of the sun’s disk must then be viewed through a 
jgreat length of the stream. If the density is 
sufficient, the spectrum of the light from any part 
of the disk should show an absoiption band on the 
violet side of the absorption lines ^out of which’ 
the atoms, according to Milne’s theory, have 
‘escaped’. The band will be wide because of the 
great variation of velocity along the stream; the 
supposed extreme velocity of 1-6x10® cm./sec. 
corresponds to a Doppler shift of the K line of 
t calcium of about 22 A, so that the shallow absorp¬ 
tion band will extend 14 A beyond the normal 
boundary of the line (of which the usual half¬ 
width is 8 A) on the violet side. 

This band will be a continuous extension of the 
normal absorption line, if the line of sight from 
the earth traverses the whole length of the stream; 
but if it traverses only a part of it, as in Fig. 2, 
namely a part extending from the earth (within the stream) up to a 
distance r from the sun, the band may be separated from the boundary 
of the absorption hne. If the stream is approaching the earth but has 
not yet enveloped it, the regions of the sun to the (solar) east of the 
emitting area will not show the absorption band at all, while those to 
the (solar) west of the area will show the band separated from the hne, 
and also stopping short of its full extent (14 A) in the violet direction. 

Owing to the expansion of the stream as it travels from the sun, the 
number of atoms in it per cm.® at any distance r will be approximately 
{Rlr)hi\ where is the number per cm.® at the earth’s distance R. 
The stream wiU be densest near the sun, where the velocity of the 
particles is least; Milne has shown that the atoms just get clear of the 
normal absorption line (if this is the K line of calcium their velocity is 
then 6*1 xlO*^ cm./sec.), at r = |a. From his formula for v as a 
function of r, combined with the above approximate expression for the 
density of the stream at distance r, it is easy to deduce the law of 



Fia.2. lUustratingtwo 
lines of sight from the 
earth to points on the 
s\m’s disk, when the 
earth is enveloped in 
a solar stream. The 
absorption of light 
along the line of sight 
will be greater for the 
left-hand than for the 
right-hand line 
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variation of intensity in the absorption band, corresponding to a line 
of sight passing either right through the stream, or through only a 
part of it. 

A line of sight which traverses the stream from distance t to R will 
pass over 

atoms per sq. cm. of the beam. If r = a, so that the line passes through 
the whole length of the stream, the number is approximately 3 x 
Eddington [14], discussing absorption by diffuse matter in interstellar 
space, on the basis of Milne’s theory of chromospheric absorption, 
estimated that a moderately dark absorption line in the spectrum of 
a star would be produced by 1*6x10^^ calcium*** atoms per sq. cm. 
Hence if all the atoms in the stream were calcium ions, and if the density 
n' near the earth were only 1 atom per 100 c.c., a measurable amount of 
absorption should result; the absorption would, however, be made more 
difficult to measure, owing to its being spread over a width of 14 A. 
If = 1, the absorption would be 100 times as great; at present we 
have no knowledge at all as to the value of 9^', e.g. whether it is 100, 
1, or 0*01. Study of the sun’s spectrum during times of magnetic dis¬ 
turbance, in the manner here suggested, might enable an upper limit, 
at least, to be set to n\ 

In making the observation it might be best not to look through the 
whole length of the stream, because when this is done the spectrum 
examined is that of the emitting area, which is likely to be abnormal 
just because it is a centre of emission. The line of sight to other regions 
on the sun, where conditions are normal, will pass out of the stream at 
some distance from the sun, thus cutting off the most intense part of 
the absorption band due to the stream; but the separation between this 
band and the normal absorption line may, if not too great, enable the 
stream absorption band to be more easily detected. 

Further suggestions relating to this proposed method of observing 
the presence of the stream by solar observations are given in Chapman’s 
paper already cited [12,17]. Should it be found that such absorption 
bands are observable during times of magnetic disturbance, a great 
extension of our knowledge of the solar emissions would become possible. 
Not only the density but also the velocity and the composition of the 
stream might be determined (the velocity by the width of the bands, 
and the composition by the absorption lines which are thus bordered 
by absorption bands). 
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24.7. The composition of the solar stream. According to Milne 
the process of emission which he described should eject atoms of all 
the kinds which show evidence of being supported by radiation pressure 
in the chromosphere. These include ionized atoms such as Ca+, Ti+, Sr+, 
and neutral excited atoms such as H, He, Na, Fe, Mg. The limiting 
speeds for the different kinds of atoms will be different, but all are 
likely to be of the same order of magnitude. 

The neutral atoms will be undeflected by the earth’s magnetic field, 
and will therefore impinge directly on the sunlit hemisphere of the earth, 
and contribute to the ionization in some layer of the atmosphere, at a 
height determined by the speed and penetrating power of the particles, 
and by the height-distribution of density in the atmosphere, 

The neutral particles impinging on the sunlit hemisphere may include 
some atoms that on emission were ionized, but have recombined with 
an electron during their journey from the sun. Lindemann [15] showed 
in 1919 that the amount of recombination wall probably be small, in the 
sense that a large percentage of the ionized atoms will remain ionized; 
but even a small percentage of recombinations may be of terrestrial 
importance. 

The proportion of recombined neutral atoms to the ionized atoms 
can be calculated (very roughly) by using a modified Saha formula. 
Assuming a balance between recombination and ionization at the 


distance R, we have 


N “ 


{27rmkT)^ 

wm 


( 2 ) 


where and N are the number of ionized and recombined atoms per 
cm.®, X denotes the ionization energy, is a weight factor, assumed 
equal to 2, and 8 is a dilution factor’ 

m = 9 X 10-28^ h = 6*64 X lO-®^ k = 1-37X 
For calcium atoms, with an ionization potential of 6-1 volts, at 
7^= 6,000° the value is 11-8. Hence A'f/A'= 2-4x 10^^ or 

]SfjNi = iV^/2*4x 10^®, If we assume that is not greater than 10®, 
which is perhaps much too great, this indicates that the ionized atoms 
outnumber the neutral ones in the ratio 2-4 x 10® at least. The above 
formula is likely to underestimate the neutral atoms, but unless 
exceeds 10®, the recombination will hardly amoimt to 1 per cent. The 
calculation does not refer at aU to the proportion of neutral atoms 
originally ejected from the sun. If were so large as 10®, there should 
be intense displaced calcium absorption lines in the sun’s spectrum 
during magnetic storms (§ 5). 
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Aaotlier treatment of the recombination, based on Kjramers’s theory 
of absorption and emission, has been given by rerraro [16]. 

Milne’s emission process may be expected to operate continuously 
over the whole solar disk, as well as being possibly the cause of the 
emission of specially intense streams of particles from disturbed areas. 
The regular emission of neutral atoms, which travel imdeflected by the 
earth’s magnetic field, will contribute to the regular daily ionization 
of the sunlit hemisphere, and. any special streams including neutral 
particles will temporarily intensify such ionization over the sunlit 
hemisphere. 

24.8. Solar eclipses, and ionization by neutral corpuscles. 
Solar eclipses afford a clear test of the question whether any of the 
known ionized layers of the atmosphere owe an appreciable part of this 
ionization to the regvkur emission of neutral corpuscles from the sun. 

An echpse occurs when the moon comes between the earth and the 
sun, so as to out off some of the sunlight that would otherwise fall on 
the hemisphere of the earth that faces towards the sun (the ‘sunward 
hemisphere’). 

This cut-off affects the light of all wave-lengths, from the extreme 
ultra-violet to the far infra-red. The astronomers are concerned only 
with that part of this light which normally traverses the whole of our 
atmosphere and so reaches the ground; it is by such light that they are 
able to see or to photograph the sun. The interest of the eclipse for 
them is that, from points in the belt of totality, where for a few minutes 
the sun’s visible disk is wholly covered by the intervening moon, they are 
able to see phenomena, such as solar prominences or the corona (extend¬ 
ing beyond the disk), which at other times it is difficult to observe. 

The partial or complete cut-off, during the eclipse, of light that is 
ordinarily intercepted in the higher layers of the atmosphere, has local 
effects that are only indirectly observable. Part of this light is able to 
ionize the air which absorbs it, and when such light is cut off, the ions 
, and electrons begin to recombine, and the ion- and electron-content 
decreases; this interrupts the normal increase of the ion-content, if 
the eclipse occurs in the forenoon, or accelerates the normal decrease, 
if the eclipse is in the afternoon. Badio observers are able to follow the 
daily changes of electron-content in the various layers of the ionosphere, 
and can also observe any abnormalities in these changes, such as an 
eclipse may produce. 

The reduction of the ion- and electron-content in the ionosphere during 
an eclipse also reduces the electrical conductivity of the various layers, 
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and (as sho'wn in 23.22) mil thus modify the course of the current- 
systems that produce magnetic variations at the earth’s surface. It 
may be possible to determine the resulting change in the solar daily 
variation S in the eclipsed and neighbouring regions, but this is a much 
more difficult matter than the observation of the change of electron- 
content by radio methods; and the magnetic changes, even if they are 
determined, are much less easy to interpret than are the radio data. 
They are nevertheless ■worthy of attention, because they can contribute 
some information different from and supplementary to that which the 
radio methods afford. 

If the sun sends out neutral corpuscles in aU directions, which also 
help to ionize the earth’s upper atmosphere, their uffiux will hke'wise 
be interrupted when the moon comes between the sun and the earth. 
Since they do not penetrate to the ground, their cut-off during an 
eclipse can be observed only by radio methods, or less directly by the 
magnetic effects. 

Owing to the probable great difference between the speed of light 
and the (supposed) speed of the corpuscles, the time and place of the 
cut-off of the corpuscles from the ionosphere -will differ considerably 
from that of the ultra-'violet light; this was shown by Chapman [15.37], 
who gave the name corpusaular eclipse to distinguish this phenomenon 
from the optical eclipse observed by astronomers. 

In considering the geometry of an optical eclipse, the speed of light 
may be treated as practically infinite. The geometry of the region of 
space which is shaded by the moon from the light of the sun then 
becomes very simple, and depends, at any instant, only on the positions 
then occupied by the sun and moon. Two parts of the shadowed region 
can be distinguished—one whoUy and the other partly in shadow. 
Their boundaries are the two conical surfaces which can be drawn to 
touch both these spherical bodies. Since the diameter of the sun exceeds 
that of the moon, one of these cones tapers from the sun towards the 
moon, and beyond the moon to a vertex V. The region within this 
cone, between V and the moon, is called the umbral region; the sun 
is completely mvisibfe from any point P ■within this region, because it 
lies whoUy within the cone drawn with V as vertex and touching the 
moon (as shown schematically—^not at aU to scale—^in Pig. 3 a). The 
other cone that is tangent both to the moon and sun has its vertex V' 
between them, and beyond the moon it diverges. The region ■within 
this part of the cone, beyond the moon but outside the umbral region, 
is called the penumbral region. From any penumbral point P' the sun 

369S.S0 n IIT r. 
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is partly visible, because the tangent cone to the moon, with vertex at 
P', intersects the sun (Pig. 36), so that part can be seen and the rest 
is shaded from P'. 

Relative to the earth the moon describes an approximately circular 
orbit in a plane which is inclined by a few degrees to the earth’s orbital 
plane, called the ecliptic; the latter is practically fixed, but the moon’s 




Fio. 3. Diagrammatic representation, of the umbral and penumbral cones 
from the sun to and beyond the moon; these bodies are drawn much magni¬ 
fied (the moon more than the sun) in relation to the distance between them. 

Lines of sight from points P and P' in the umbral and penumbral shadowed 
regions are shown 

orbital plane is not; its line of intersection with the ecliptic revolves 
pearly uniformly in the ecliptic. The moon comes between the earth 
and the sun only when two conditions are fulfilled; the moon must be 
passing through this line of intersection (where it is met by the moon’s 
orbit), and this line must at the same time lie along the line from the 
earth to the sun; if these conditions are not both approximately satis¬ 
fied, the shadow cones cast by the moon will not intersect the earth— 
if the moon is not near the ecliptic plane its shadow cones will pass 
too far above or below the ecliptic, and even when the moon is in the 
ecliptic, its shadow cones will not meet the earth unless the sun, moon, 
and earth lie nearly along a straight line. Naturally also the moon must 
be between the stm and the earth; if it lies on the other side of the earth, 
it will be itself eclipsed by the earth. 
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Since the angular diameters of the sun and moon, as seen from the 
earth, are nearly equal, the vertex V of the umbral cone is near the 
earth’s surface at the time of an eclipse; it is sometimes above the earth, 
in which case there is no total eclipse, but only an aimular one. A total 
eclipse occurs only when V is ^below’ the earth’s surface; the umbral 
cone then includes a roughly oval area of the earth’s surface, which is 
the region of totality, and the penumbral cone includes a much larger 
area, over which there is a partial eclipse. Since the earth and moon 
are both in orbital motion relative to the sun, these eclipsed areas are 
not stationary; the shadow cones sweep across the earth, and trace out 
a narrow band over which the eclipse is total, and a much broader 
band over which it is partial. These bands are inclined to the ecliptic 
plane, because the moon is passing from above to below it, or vice 
versa, at or near the time of eclipse. 

Since the moon accompanies the earth in its orbital motion round the 
sun, its average speed along the ecliptic must be the same as that of 
the earth, say u. The orbital speed of the moon relative to the earth, 
which for our present discussion may be considered as constant, and 
equal to is much smaller than u (approximately u = 1,110, = 37, 

in miles per minute). The direction of revolution of the moon round 
the earth is the same as that of the earth round the sun; hence, when the 
moon is between the earth and the sun, its velocity is u —or about 
1,070 miles/minute, in the same direction as the motion of the earth 
(apart from the small component of which we may now ignore, 
which is at right angles to the ecliptic plane). Before the eclipse the 
moon and its shadow cones are in advance of the earth, and are sweeping 
along owing to the forward motion of the moon; their speed is u — v/ 
at the moon, and is very little greater at the earth’s orbit. The earth 
gains on the forward motion of the shadow cones, or, relative to the 
earth, these sweep backwards with the velocity in the direction 
opposite to the earth’s motion. They first meet the earth along the 
dawn meridian, and sweep across it with an eastward component of 
motion (combined with a northward or southward component according 
to the sign of the inclination of the lunar orbit at the time); the earth’s 
surface is also travelling eastwards, owing to the daily rotation, but 
the speed of the shadow cones is much greater than this surface speed 
of the earth. If the moon were moving in the plane of the ecliptic, the 
shadow cones would travel from west to east across the earth in about 
^,000/tfc', or about 21-6 minutes; during this time the rotation of the 
earth is considerable, the peripheral speed at the equator being about 
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17 miles/minute; consequently places which, were near the twilight 
meridian when the eclipse begins will have moved on into the earth’s 
shadow before the eclipsed area reaches the twilight meridian. In 
general the axis of the shadow cones (the line joining the centres of 
the moon and sun) will be inclined to the vertical direction at the 
eclipsed stations, so that the eclipsed area in the ionosphere will be 
displaced (in some cases considerably) relatively to the area eclipsed 
on the ground. For this reason the eclipsed belt of the ionosphere is 
now calculated specially for the E and F layers separately [40]. 

We next consider the nature of the shadow regions shielded by the 
moon from the neutral (and other) corpuscles emitted from the sun. 
The neutral corpuscles are of more interest than the charged ones (ions 
or electrons) in the present connexion, because the latter wiU in any 
case not travel along a (nearly) straight path when they enter the 
earth’s magnetic field, so that the eclipse effect upon them will be 
more complicated, and probably difficult to detect by magnetic or radio 
observations. 

We shall suppose, for definiteness, that the velocity v of the corpuscles 
in the direction radial from the sun, when they approach the earth- 
moon system, has the value suggested by Milne’s theory, namely 
1,600 km./seo.—or 60,000 miles/minute. They will have a small com¬ 
ponent of motion along the direction of the earth’s orbit, due to the 
solar rotation or the non-radial velocity component at emission, but 
this can here be ignored. Since, at and near the time of eclipse, the 
moon is travelling neatly parallel to the earth’s orbital velocity, in 
the same direction, with the speed u—u', the axis or centre-line of the 
region shielded from the corpuscles will be inclined to the moon-sun 
axis at the small angle {u—u')lv {m circular measure), or, with the 
adopted values of u, vl, and w, by about 1°. This line will Tag behind’ 
the motion of the moon, just as the region shaded from vertically falling 
raindrops by an umbrella carried along by a pedestrian slopes rear- 
’ wards, opposite to his direction of travel (the corresponding angle of 
lag in the case of the optical eclipse, due to the finite velocity of light, 
is about 1/200 of a degree). 

Owing to this inclination, to the sun-moon line, of the axis of the 
shadowed regions, the centre of the shadow lags behind this line, at 
the distance d of the earth from the moon, by an amount («— u')ijv, 
or, since d — 240,000 miles, by about 4,300 nules. 

This shadow moves forward with the moon in the direction of the 
earth’s orbital motion, but relative to the earth it is moving in the 
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opposite direction with the velocity so that its centre-line will meet 
the earth at a time {u—u')dlu'v^ or about 116 minutes (roughly 2 hours), 
before the centre of the optical shadow does so. 

On account of this great difference in time between the corpuscular 
and optical eclipses, and the rotation of the earth during the interval, 
there is also a great difference in the regions affected by the two eclipses, 
the central line of the corpuscular eclipse track being to the east of the 
optical eclipse track, by a distance of about 2,000 miles. For each 
eclipse special calculations of the corpuscularly echpsed area of the 
ionosphere, and of the times of the eclipse there, are necessary (they 
should be calculated for one or more assumed values of v). The first 
calculation of a corpuscular eclipse chart was made by Miller for the 
eclipse of August 1932 [15.38]. The British Nautical Almanac Office 
has calculated such charts [40] for later eclipses. Fig. 4 is a chart for 
the corpuscular eclipse of 1940 October 1 («; = 1000 miles/sec.). 

Fig. 5 a illustrates the succession of the two shadow regions; the 
angles and dimensions are incorrectly drawn in order to emphasize 
the points it is desired to bring out. 

Taking a section of the shadow regions at the distance of the earth’s 
orbit, the distances in the direction of motion are shown approximately 
in Fig. 5 6 for a typical case. The distances are given in miles and also 
in minutes, at the rate of 35 miles/nxinute, representing the rate of 
travel of the shadow system relative to axes through the earth’s 
centre but not rotating with the earth. 

Chapman has suggested that the umbral area in corpuscular eclipses 
will be much larger than in optical eclipses, and the penumbral area 
smaller. In order to explain the reasons for this suggestion, we first 
consider the so-called ‘ideal’ or ‘cosine’ law of emission of light by a 
luminous surface; this signifies that the intensity of light emitted in 
the direction inclined at the angle 9 to the normal to the surface is 
proportional to cos 6. This implies that the light received at a point P 
jfrom a small plane luminous surface, of area SA, with centre 0, when 
CP is large compared with the linear dimensions of SA, and is inclined 
at the angle 9 to its normal ON, is expressible as I cos^SA/CP^, where 
/ is a constant which depends on the intrinsic brightness or rate of 
emission of light from the surface, per unit area. Since cos 9 8A is the 
projection of 8A on a plane normal to CP, it follows that the light 
received at P is the same as would come from an area 8A', equal to 
qob 98 A, situated at C and having the same intrinsic brightness I as 
the actual element. Consequently, a body of any form (with centre C, 
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!Pig. 4. The track of the coiptisciilar ecKpse of 1940 October 1, indicating also the boundary of the corpuscular shadow at particular 

times (10, 11, 12 o’clock, Greenwich mean time) 
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say), whose surface emits light according to the cosine law, with uni¬ 
form intrinsic brightness I, will appear uniformly bright when viewed 
from a point P whose distance CP is great compared with the dimen- 
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sions of the whole body; the light received at P wiU be the same as 
would come from a uniformly bright plane disk, normal to the line of 
sight, shining with the intrinsic brightness I. 

If, however, the ratio of the emission of light in the direction 6 to 
that in the normal direction is not cos 9 but f{6)<ioa 9, where f{9) = 1 
(like coa9) when 0 = 0, then the apparent brightness of a uniformly 
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luniiiious body, as seen from a great distance, "will not be uniform; it 
■wtII le proportional to f(9). 

The snn^s disi appears almost uniformly bright except near the edge 
or limb of the disk, where there is a perceptible darkening. This implies 
that the cosine law of emission is approximately fulfilled, or f{6) is 
nearly 1, until 9 becomes nearly 90°, when f (6) becomes materially less 
than 1. It is not surprising that the emission does not follow the cosine 
law exactly, since the sun’s light is not emitted from a definite surface 
but comes through an atmosphere which modifies it by selective absorp¬ 
tion and scattering. 

Obserration of prominence motions at the sun’s limb shows that 
much of the matter that rises from the surface is deflected back to the 
surface again, often forming an arched prominence. The few promi¬ 
nences that have been seen to rise with high velocity and acceleration, 
such as to make it likely that they will escape altogether from the 
sun’s attraction, seem to have been moving nearly radially when lost to 
view. Pike’s calculations (§2) suggest this as a theoretical probability 
on certain assumptions. Interpreted in accordance with the above 
discussion, this may be expressed by saying that the law of corpuscular 
emission from the sun probably corresponds to a factor function f{9) 
which decreases rapidly from the value unity, as 9 increases from 0. 
If so, and if, from outside the earth’s atmosphere, we could view or 
photograph the sun by reception of the corpuscular emission instead 
of by the sun’s light, then the darkening of the sun’s disk towards the 
limb would b© more rapid, and would begin nearer the centre, than is 
actually observed. If the darkening was such that along the outer half 
(say) of the radius of the visible disk the corpuscular emission was 
negligible, then the angles of the umbral and penumbral cones would 
be approximately halved. Hence the distance of the vertex V of the 
umbral cone, from the moon, would be almost doubled. The conse¬ 
quence would be that if the corpuscular track crossed the earth’s 
equator at noon, the diameter of the totally eclipsed area would be- 
half that of the moon, or about 1,000 miles. The diameter of the corre¬ 
sponding penumbral area would be reduced from about 4,000 miles to 
about 3,000 miles. If the existence and extent of the corpuscular 
eclipses should in time be confirmed by radio observations, we shall be 
able to infer the nature of the emission law or of the function/(0). 

At any point along the track of the eclipse (optical or corpuscular), 
the interception of the ultra-violet ionizing components of the sun’s 
light, or of the ionizing neutral corpuscles, will cause a temporary drop 
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in the ionization of the layer concerned, since recomhination "will out¬ 
weigh fresh ion-production. Kgs. 6 a, 66 give tentative graphs (a) of 
y, the rate of ion-production, as reduced diuing the two types of 
eclipse, and (6) (below) of n, the ion-content, for layers each ionized 
solely either by light or by corpuscles. 




Fig. 6- Left^ the variation {a) of the intensity of the coipusoxilar beam faUing on the 
earth, and (5) of the ion-content n, at a point on the centre of the eclipse track, during 
the corpuscular eclipse, and, right, the variation (a) of the light intensity, and (b) of n, 

during the light eclipse 


Radio obseryations during eclipses have shoyra that the eclipse effect 
in the H and layers occurs at the time of the optical eclipse, indicating 
that these layers are ionized by light (or by corpuscles with nearly the 
speed of hght); for the F 2 layer the evidence favours some reduction 
of ion-content during the optical eclipse, but is not yet conclusive as 
to whether or not there is also an indication of reduced ion-content 
during an earlier period, which might be interpreted as due to a corpus¬ 
cular eclipse [15.36]. 

24.9. The electrical state of corpuscular streams on emission 
from the sun. The selective radiation pressure on upward-moving 
atoms, which according to Milne’s theory is the cause of their emission 
jfrom the sun, is more powerful than the general radiation pressure on 
the electrons in the sun’s atmosphere. Hence the primary tendency is 
for the emission of neutral atoms and (positive) atomic ions, so that 
streams or clouds of particles issuing from disturbed solar areas will 
initially be positively charged. Such a charged mass, however, rising 
out of the sun’s atmosphere, would exert a powerful electrostatic 
attraction on the electrons below, which are present in abundance. 
Hence electrons would be drawn into the stream of neutral and 
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positively charged atoms, tending continuously to render the stream 
electrically neutral. 

Milne suggested that the stream, if of limited length, might have 
a positively charged head and a negatively charged tail, because the 
ions (of mass impelled with acceleration/^) are subject to a greater 
acceleration than the electrons (of mass and acceleration /g). The 
electrons could lag behind until the separation of positive and negative 
charge sets up a compensating electrostatic force able to equalize the 
accelerations of the positive and negative particles. It is easy to show 
that a very small separation is enough for this purpose [12.17]. 

It is sufficient, in order to estimate the magnitude of the separation, 
to consider a spherical cloud instead of a cylindrical or conical stream. 
The electrostatic separation will be over-estimated if we ignore the 
‘externaT accelerating force (m^/g) on the electrons. When the accelera¬ 
tions on the ions and electrons have been equalized to the value /, the 
equations of motion of an ion and an electron are 

mJi-Ee = mj, Ee = mj, (3) 

where e is the positive magnitude of the electronic charge and E is the 
electrostatic force due to the separation. Hence 


Ee = 




fi 4= l^eU 


( 4 ) 


The separation of the charges is equivalent to a polarization in the 
direction of motion (a:) of the cloud; a uniform separation produces no 
volume charge in the cloud, but only a surface density; at a point P 
such that OP, the radius from the centre 0 of the cloud, makes an 
angle d with the x direction, the surface-density will be proportional 
to oo&d, say acos^. Inside the cloud E then has the constant value 
fwa, and is in the x direction. Consequently 


_ 


(5) 


In Milne’s theory the maximum value of occurs when the ion 
has just got clear of its absorption line, and is still near the sun’s 
surface; Chapman and Perraro [12], in their discussion of the present 
problem, infer from Milne’s theory that < Sg, where g denotes the 
surface acceleration of solar gravity, g = 2-74 x 10* cm./sec.^ Hence 

or < Qm^gjire = 10~^® electrostatic units. 

This corresponds to 2 x 10~* elementary charges (positive or nega¬ 
tive) per sq. cm. of the front or rear of the cloud; for a cloud, of 
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density N ions and N electrons per c.c. this would result firom a 
relative separation of the ions and electrons by 2 jUf cm. 
We have no definite knowledge of the value of N, but it is clear that 
the separation could not amount to more than a few centimetres 
unless N were 10“® or less. It seems, from Chapman and Ferraro’s 
discussion of the action of an ionized stream on the earth (Oh. XXV), 
that appreciable geomagnetic disturbance could be produced only 
if the initial density of the stream, at the«sun, is of order 10+® or 
more; this would correspond to a quite negligible separation of ions 
and electrons, less than 2 x cm. Even if the estimate of were 
increased by several powers of 10, corresponding to a much higher 
acceleration of the cloud (and to a much shorter transit time from the 
sun to the earth), the electrostatic separation in the cloud, important 
as it is in keeping'the electrons with the positive ions, would remain 
very small. 

In the above calculation it was assumed that the attraction of elec¬ 
trons into the cloud of positive ions, from the solar atmosphere below, 
is fully effective in rendering the cloud electrically neutral. Chapman 
and Ferraro showed, however, that even if this were not so, any excess 
charge (of either sign, though presumably it would initially be positive) 
would very rapidly be dispersed by its own self-repulsion; if initially 
distributed throughout the volume of the cloud, it would first be 
repelled to the surface, and then away from the surface. 

As in the preceding calculation, they considered a spherical cloud in¬ 
stead of a stream, taking the radius {Vq) to be between 1,000 and 100,000 
km. (the latter being one-seventh the radius of the sun). For simplicity 
they ignored the possible presence of neutral atoms; it seems likely 
that these would not greatly outnumber the ions, and that they would 
at most reduce (by a factor not exceeding 10) the speed with which 
the excess charge would diffuse from the centre to the surface of the 
cloud. A positive volume-charge would be dispersed to the surface 
mainly by electrons being drawn inwards, leaving an outer layer of 
positive ions; a negative volume-charge would be dispersed mainly by 
outward motion of the electrons. The time taken for the volume-charge 
to reach the surface depends on the coefficient of diffusion (D) for a gas 
composed of ions and electrons. Assuming that the cloud has the 
temperature 6,000®, D is roughly proportional to 1/iV", where 2^" now 
signifies the combined number of electrons aTtd ions per c.c.; actually 
JH^fD is not quite independent of N, but is approximately 
3-7X 1017(1-0*048 logn, AT), 
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SO that 10-^^ND varies only from 3-6 to 6-6 as N increases from 10~^ 
to 10®. The mean free path of an electron is about 2 x 10 ^ /N km. 

The time taken for the volume-charge to reach the surface, leaving 
the interior neutral to a high degree of approximation, depends on a 
number T (a time-interval), equal to JeTjBne^ND, where k = 1'37 x 10~“; 
for T = 6,000°, and ND = 6x10^®, r is 3x10“^* sec. The time of 
diffusion is a moderate multiple of t, say lOOr. Thus the movement 
of the volume-charge in a cloud, to the surface, is almost instantaneous 
in clouds of the density considered (0-1 <. N < 10®); moreover, it is 
practically independent of the initial radius r of the cloud. This is 
because the electrical force at a point within the cloud, at a radius r 
from the centre, depends only on the charge within the concentric 
sphere of this radius, and is unaffected by any charge in the outer 
layers beyond r; for a given volume-density of charge within the 
cloud, the radial electrostatic force at r, and consequently also the 
rate of flow of charge per sq. cm. across the sphere of radius r, is 
proportional to r. The average distance which the charge in the 
sphere r must traverse, to pass beyond r, is likewise proportional to 
r. This affords a rough explanation of why the time of passage of 
the charge to the surface is almost independent of the radius of the 
cloud. 

The total charge Q, having rapidly become concentrated at the sur¬ 
face, will further expand outwards under its own repulsion; this expan¬ 
sion will naturally be slower if the excess charge is positive than if it 
is negative, because negative electrons, having so small a mass, will be 
very readily accelerated away. 

If O' is the initial surface-density, so that o = there will be 

an electric force 4vo at the outside of the layer, decreasing to zero on 

passing through the layer to its inner boundary. The rate of expansion 

of the layer may be considered as follows: let r denote the radius which 

is attained, after a time t from the beginning of the expansion of the 

surface-layer, by the particles originally lying at a depth within the 

layer, such that below their level there is a fraction 6 of the total charge 

Q of the layer. The electric intensity at this radius is dQ/r\ and the 

equation of motion of the charges at this distance from the centre of 

the cloud is therefore . 

mv = eOQIr^ (6) 


or, smce 


dvjdt = {d/ojdr){irjdt) — vdvjdr, 
dv^ldr ~ 2e6Qjmr^, 


( 7 ) 
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where m is the mass of the surface-charges (= or according as 
the charge is negative or positive). The solution is 

= «;2-f-(2e0Q/m)(l/ro—1/r), (8) 

where Vq is the velocity of the charges initially, when they are in the 
thin surface-layer; the original thickness of this layer can be neglected 
in comparison with its initial radius r^. A lower limit for the rate of 
dispersal of the layer is obtained if we write Vq = 0; the speed v then 
increases, as r -» oo, to the value (2e0Q/mro)t. 

By writing r = roCosh®M, (9) 

so that u = 0 when r = Tq, (8) can be integrated (taking Uj = 0) in 
the form rglsiohucoBhu-i-u) = (2edQ/mro)it, (10) 

measuring t from the time when the layer begins to expand, when 
u = 0 and r = Tq. This equation enables r to be found for any value 
of t. When t and u are small, we have approximately 

r—ro = = {^edQ/mrl)tK ( 11 ) 

When t is large enough for u and r/rp to have become large, the appro¬ 
priate approximate result is 

r = (2e6QlmrQ)H (12) 

or r/r-Q = {2edQjmr\)H. 

This formula implies that when has become large, each level (0) 
of the original layer is expanding with constant velocity, proportional 
to 0^; comparing the values of r for 0 = 1 and 0 = 0-01, it appears that 
99 per cent, of the charge on the cloud lies within a shell of which the 
inner radius (0 = 0-01) is one-tenth the outer radius (0 = 1). The 
charge-density within a thin shell at a given radius r, at a (sufficiently 
large) time t, so that at that time and radius 0 = {inrf^j2eQ)r^lt^ and 
consequently d0j6/r = 20jr, is or 0Qj2TTt^ or 

this is proportional to l/r and 1/fi, and also to the initial radius Tq of 
the cloud, but is independent of the total charge Q. 

If Q is expressed in terms of the fractional excess (k) of the number 
of charges of one kind over the number of the other kind (at the time 
of emission from the sun), then 

Q = ivrgkiVc, 

and r/^o = jm)ht; (14) 
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hence r/r^, for given values of k, 6, and N, is proportional to t (when 
r/ro has had time to become large). 

Suppose, for example, that the cloud is positive, and that the ions 
are calcium ions (singly charged); then after 10 minutes (= 600 sec.) 
99 per cent, of the excess charge (corresponding to 6 = 0-01) will be 
beyond a radius such that r/rj = 10^(kiV)*; thus if, for example, k is 1/100, 
and N is 10®, r/r^ will be about 3 x 10®; this represents a reduction in 
the density of the charge, supposed initially spread throughout the 
sphere of radius and after the time t distributed between the spheres 
of radii r and lOr, to a fraction less than 10“^* of the original value. 

The time (10 minutes) used in this illustration is approximately that 
taken by light to travel from the sun to the earth; if instead we take 
i = 1 day, to correspond with the time of travel to the earth for a cloud 
having a mean speed of 2,000 km./sec., then r/r-j is increased 144-fold 
to about 4x 10’. 

It is also of interest to consider a spherical cloud initially uniform, 
and composed solely of charges of one sign, N per o.c. The above 
analysis for the expansion of the surface-layer is applicable to this case, 
for the charges at any original level r', if we replace Q by \Ner'^ and 
ro by r'. Then at times such that rjr' is large, the approximate formula 
(12) must be replaced by 

(16) 

this is independent of r'. If N = 10®, and the charges are electrons, 
then after 10 minutes rjr' wiU be about 10’°; this indicates how rapidly 
such a cloud would expand during the short time taken by light to 
travel from the sun to the earth. 

Terraro [39] has shown that there is little possibility of neutral 
streams being emitted from the sun, with different speeds for the oppo¬ 
site charges, so that the stream carries an electric current and produces 
a direct magnetic field. 

24.10. The magnetic field produced by the moving stream. 
Only if the electrons were ejected with a speed differing so little from 
that of light that their mass was relativistically greatly increased, could 
a purely electronic stream reach the earth without great dispersion. 

This case is of interest because several writers (for example, Birke- 
land [2] in 1896, and more recently Dauvillier [7]) have considered that 
a stream of very fast-moving electrons could reach the earth from the 
srm, with tittle dispersion and of such density that the stream could 
have a magnetic field at its surface, sufficient to account by direct 
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action for geomagnetic disturbance. Supposing that such a stream can 
come quite close to the earth (but without, at present, considering the 
distortion of the stream by the earth’s own field), let us consider the 
case when its own magnetic field H at its surface is of order 100 y or 
10~® gauss. 

As before, it is mathematically convenient to discuss a spherical cloud 
rather than a cylindrical stream. The problem is best treated by making 
a relativistic transformation from axes fixed with respect to the sun, 
to axes moving with the centre O' of the cloud of fast-moving charges. 
Let accented symbols refer to the latter set of axes, and unaccented 
sjnnbols to the ‘stationary’ or solar axes. Let the direction of motion 
be taken as the x direction, and suppose that the cloud starts from the 
sim, at a; = «' = 0, at the time t = t'=0, with velocity v (nearly equal 
to c, the velocity of light). Then, if 

P = (16) 

the cloud is at a; (= vt) at time t, or at time 

t' = ^{t-vxlc^) = xjv^. (17) 

The earth is reached at time 

t=T = Elv, t' =r = E/v^. (18) 

Relative to the cloud there is no magnetic field, i.e. 
all zero. The equations of transformation between the electric and 
magnetic fields relative to the two sets of axes are 



E’, = p{E,+vH^lc), 

(19) 

H; = ^{Hy+vEJc), 


(20) 

Trom these we have 



II 

o 

II 

1 

11 

(21) 

e; = cHJ^v, E', = 


(22) 


Thus, if H is the magnetic intensity (a function of x and the distance 
from the a;-axis) and is the electric component normal to Oa:, 


= cmi§v, (23; 

where an additional factor c has been inserted, in order to obtain E^ hr 
electrostatic units. This relates the electric field of the cloud, relativ< 
to its own axes, in the direction transverse to its motion, with th< 
magnetic field of the cloud relative to the ‘fixed’ axes. 

In the plane x' = 0, E' — E[ — Qjr^, where Q is the charge (ii 
e.s.u.) on the ploud. 
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If V is nearly equal to c, so that j8 is large and T' small, the expansion 
of the surface of the cloud (0 = 1) in the time T may be only a small 
fraction of the original radius fg. In this case, by (11), 

>•—J'o = {\eQlmrl)T'^ 


= (24) 

For electrons, m being the mass at rest, elm = 6*3 X e.s.u.; also 
J? = l'6x lO’-® cm.; if v = c approximately, and we suppose that H, 
the magnetic field at the surface of the cloud, is 100 y or 10"® gauss. 


we have 


}•_»•„ = 10®»/j8s. 


If the cloud is to be only slightly dispersed on its journey from the 
sun, so that r~r^ is a small fraction of }*o, say then 


^3 = losi/j-o; 

thus, even if fp is 10“ cm. (an upper limit for the initial size), j8 must 
be of order 10’. This corresponds to a speed differing from the velocity 
of light by only l-6x 10~* cm./sec., to an electronic mass jSmg, and to 
an energy (6 x 10“ electron volts) comparable with the energy of cosmic 
rays. The electrons could penetrate far below the level of aurorae. It 
seems reasonable to exclude this as a serious hypothesis of the origin 
of geomagnetic disturbance. 

These illustrations show that any excess charge on a cloud emitted 
from the sun is likely to be dispersed to an extremely low density 
before the cloud reaches the earth’s orbit. If the cloud originally has 
only a slight excess charge, this will rapidly pass to the surface, and 
thence disperse from the neutral body of the cloud, which travels on, 
and expands, in the way described in § 3. 

The cloud will stiU retain, however, a slight and positively charged 
layer at the surface, which adjusts itself so as to retard the outward 
flow of electrons across the surface (owing to their thermal velocities) 
to the rate of outflow of positive ions. If such a positive charge were 
not present, the electrons, which have much the higher thermal velo¬ 
cities, would escape preferentially until the surface-layer acquires the 
positive charge requisite for the equalized outflow. In this state the 
electrostatic potential V at the surface is approximately given by 


eV = \hT, 


(26) 


so that for T 6,000°, F = 2-6x 10-® e.s.u. = 0-8 volt. The resultant 
positive charge Q' on the cloud is Fr, and therefore slowly increases 
as the neutral body of the cloud expands (owing to the thermal velo- 




LATE 35 



a, IBirlcoland’s torrolla experiment, showing the toroidal space round 
the earth. The magnetic equator is horizontal 



h. c. 

Brixcho’s experimental verification of the effect of a current ring on the polar-light zones; 
(6) without, (c) with, the ring-current. The magnetic equator and the ring are shown vertical 





§ 10 MAGNETIC EIELD PBODUCED BY MOVING STREAM 831 


dties and the initial dirergence of the doud). This expansion, and the 
consequent increase in Q', imply a slow excess leakage of electrons from 
the surface; the rate of increase of Q' is Vv, where v denotes the radial 
vdocity of the boundary; this is likdy to be roughly constant, and to 
have a value between 1 and 100 km./seo., according to the initial 
divergence of the doud. When the cloud has reached the earth’s orbit 
(taking the radius r of the doud to be then less than 10^® cm.), Q' will 
not exceed 2*5x10^® e.s.u. The ratio of excess charge to the mass of 
the whole doud, taking JV to be 10®, to be 10® cm., and the ions to 
be calcium ions, will be less than 3 x 10-^e/m^. 

This charge will be situated near the surface of the cloud, where the 
ratio of charge to mass wiU be much greater than this. Chapman and 
Ferraro showed, however, that it is not likely to exceed 10~’e/j»jr. 
They also showed that the density of the thin charged layer wdl 
decrease at a rate similar to that of the neutral body of the doud. 

The above discussion suggests that the only corpuscular streams 
firom the sun that are likdy to be able to arrive near the earth’s orbit 
with a density of more than 1 partide per c.c., and a radius of cross- 
section of order 10^® or more, are streams composed wholly of neutral 
atoms, or streams that deotrically are almost completely neutral, but 
are partly or whoUy ionized. 

Birkeland in 1896 pointed out that dectrons travelling towards the 
earth would be deflected by the earth’s magnetic field. He made 
experiments in which cathode rays were projected towards a small 
magnetized sphere, and showed that their distribution near the sphere 
was largdy-governed by the fidd, which, in particular, guided many 
of the electrons towards the polar regions. This gave the first promising 
suggestion as to the cause of the polar property of the D phenomena 
(§ 1). Since then the theories of aurorae and geomagnetic disturbance 
have been closely linked together. Birkeland developed hds ideas in 
three extensive memoirs of 1901, 1908, and 1913 [refe. G 97, 97o]; 
these form the most detailed and comprehensive theoretical discussion 
of magnetic storms hitherto published. 

The upper part of Plate 36 shows a photograph of one of Birkeland’s 
chief experimental results; the cathode rays are projected firom the 
right towards the magnetized sphere, whose magnetic field defiects them 
specially towards the north and south polar regions, leaving a middle 
belt, and a toroidal space around it, free from the particles; this space is 
shown on Plate 35 by the dark areas to the right and left of the sphere. 

E. Briiche [18] has repeated some of Birkeland’s experiments, and 

S5a6.S0n ;p n 
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extended his restilts. The lower part of Plate 36 shows photographs 
of two of his experiments, in which a ring was placed round the mag¬ 
netized sphere; on the left the experiment was made with no electric 
current in the ring; it shows the polar precipitation of the particles, 
and the free space round the equator, as in Birkeland’s photograph; 
the right-hand lower picture shows that when an electric current 
flows in the ring this free space is extended outwards, and the polar 
zones of precipitation move slightly nearer to the equator and to each 
other. 

This experiment verified a theoretical calculation made by StOrmer 
[19-26], who developed Birkeland’s theory mathematically, and ex¬ 
tended it, with important results both for the theory of the aurora and, 
as has since appeared, for the theory of cosmic rays. 

Also in other ways Birkeland’s work has been continued and de¬ 
veloped in Norway, by StOrmer (§12), Vegard, Harang, and others 
(Ch. XIV), hut with chief reference to aurorae rather than to magnetic 
storms. Birkeland supposed the corpuscles that are responsible for 
aurorae and magnetic storms to be electrons of very high velocity, 
nearly equal to that of Ught. StOrmer and Vegard also considered the 
possibility that they may he slower electrons or (positive) particles. 

Schuster [1] criticized Birkeland’s theory of magnetic storms [2] on 
the ground (among others) that without imparting improbahly high 
velocity and energy to the particles, any stream possessing an appre¬ 
ciable magnetic field would be dispersed (as described above) in its 
passage from the sun to the earth. To meet Schuster’s objection Birke¬ 
land suggested that the speed of his supposed solar electrons might 
differ only very little from that of light. But the above discussion of 
a cloud of very fast-moving electrons indicates that if it is to get 
from the sun without serious dispersion, and yet to exert an appreci¬ 
able magnetic field, its energy must be quite improbably great, and its 
penetration into the atmosphere far deeper than is observed. 

Lindemann [16] in 1919 urged similar electrostatic objections to 
a theory of magnetic storms proposed by Chapman in 1918 [9.2a], 
which was based on a charged corpuscular stream from the sun; he 
added to his criticism the suggestion that Chapman’s theory might be 
substantially preserved if the supposed charged stream were replaced 
by a neutral ionized stream. He showed how a cloud of originally 
neutral atoms near the sun might be impelled outwards by radiation 
pressure, and also gradually ionized; he proved that it could travel 
to the earth without appreciable recombination, and with a mean 
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velocity of about 800 km./sec. He did not consider its terrestrial effects 
in detail. 

24.11. General account of the Birkeland-StSrmer auroral 
theory. In so fax as the solar streams consist of neutral corpuscles, no 
new considerations arise concerning their motions when they come 
near the earth, until they actually penetrate its atmosphere; this will 
occur exclusively over the sunlit hemisphere. The charged particles, 
however, are affected by the earth’s magnetic field. The determination 
of the motion of such particles under this influence involves problems 
different from, and more difficult than, those which have been solved, 
in the preceding discussion, relative to the motion outside the earth’s 
sphere of action. This branch of the subject includes the electric 
corpuscular theory of the aurora and geomagnetic disturbance, which 
was first proposed by Birkeland. Birkeland sought the solution of this 
problem by experimental means. The theory has subsequently been 
developed mathematically by StOrmer, who has devoted much labour 
to the theoretical investigation of auroral problems, and has obtained 
many beautiful and suggestive results. It seems Hkely, however, that 
the theory is still in its initial stages. 

StOrmer’s theoretical work deals almost exclusively with the possible 
paths of a solitary charged particle. He has shown in a relatively simple 
manner that any such particle, issuing from the sun and travelling into 
the earth’s magnetic field (regarded as that of an elementary magnetic 
dipole), can reach the earth only within two narrow zones, centred 
respectively at the two poles of the earth’s magnetic axis; the angular 
radius of the zones is determined by the values of ejmv for the particles 
(e charge, m mass, v velocity). 

Owing to a certain difficulty in explaining the observed angular 
radius of the zones, StOrmer also considered the effect of a great 
circular ring of electric charges revolving round the earth in the 
equatorial plane; the magnetic field of such a ring, if of the intensity 
and direction required to explain the second phase of a magnetic storm, 
was shown to be capable of modifying the motion of a solitary charge 
projected from the sun, in such a way as to enlarge the angular radius 
of the auroral zones. This result is of interest in connexion with the 
observed great increase in the radius of the auroral zones at times of 
magnetic disturbance. 

StOrmer has calculated a great variety of possible paths of a corpuscle, 
using numerical methods. He considered, among other problems, a 
set of paths having initial directions of projection lying within a cone 
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of small solid angle, and shoved that those which finally meet the earth 
may do so within a band lying along the auroral zone, of a breadth 
'very small compared with its length. He pointed out that this may 
explain the frequent appearance of aurorae in the form of curtains or 
draperies; these curtains are almost two-dimensional sheets of light, 
being very thin compared with their length and height. 

Interesting and important as these results are, their relation to actual 
auroral phenomena is at present uncertain, because aurorae mxist be 
due to large numbers of charges travelling together; if, as Stbrmer has 
supposed, these were of the same electrical sign, their mutual electro¬ 
static influence would be at least comparable with the deflecting effect 
of the earth’s magnetic field, particularly since he showed that the 
path of a single corpuscle may be profoundly modified by a slight 
perturbation. If, however, as seems more Hkely in view of the previous 
discussion, the aurora is due to an almost neutral ionized stream of 
electrons and positive ions, the problem of the influence of the earth’s 
magnetic field must be quite different from the problem of the motion 
of a single particle, considered by StSrmer. This problem has been 
discussed by Chapman and Ferraro, but their work must probably be 
linked up in some way with that of StOrmer, before a proper solution of 
the auroral problems can be obtained. It is certain that the solution 
will prove very difi&onlt and complicated, both because of the essentially 
three-dimensional character of the motion of the particles in the earth’s 
magnetic field, and also because of the observed complexity of the 
aurora and its rapid changes of form. 

24.12. Motion of a single charged particle in the geomagnetic 
field. Before considering the motion of a neutral ionized stream in the 
earth’s magnetic field, a brief account of StOrmer’s auroral theory will 
be given. Let the charge, mass, and velocity of the single moving 
particle be denoted by e (in electromagnetic units), m, and v. Let H 
denote the magnetic intensity at a point of which the position vector 
is R, relative to a set of axes fixed in the earth with their origin at its 
centre. The z-axis will be taken along the direction of the earth’s 
magnetic axis. If M denotes the magnetic moment of the earth, the 
magnetic potential Q, such that 

H = —gradQ, (26) 

is given by 1 (16), £l = MzjR^. (27) 

The equation of motion of the corpuscle is 

mdvjdt = ev A H. 


(28) 
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where a denotes the vector product symbol. Multiplying scalarly by 
V we find v = 0, i.e. the speed of the corpuscle is constant; this is 
evident since the force on the corpuscle, being perpendicular to the 
direction of motion, does no work. 

Let s denote the unit vector along the tangent to the trajectory at 
any point, so that v = vs. Since d/dt = v d/ds, (28) may be written 


mv^dsjds = evs A H (29) 

or ds/ds = ~{elmv)s a gradfl, (30) 

where s denotes the distance measured along the path jfrom some 
fixed point. 

If s is this parameter for the point P or jR on the trajectory, 

s = dRIda, (31) 

so that (30) is equivalent to 

_^(^Agradal 

mv\ds ^ j 

A M 

="Kf 

where I = (|e|Jf/m«;)*; (33) 


I has the dimensions of a length; the sign of z in (32) is that of e, so 
that the paths of oppositely charged particles (for any given t) are 
mirror images of each other in the plane z = 0. If Z is taken as the 
unit of length, the factor Z® disappears from (32). This indicates that 
the whole family of trajectories is the same, except in scale, for different 
particles (of the same sign) and for different magnetic dipoles. It is 
therefore sufficient to consider the one equation (for a negative charge) 


d^R dR , rr 

^ = A grader. 


(34) 


where U = z/jB®. (36) 

The function U satisfies Laplace’s equation, and has axial symmetry 
with respect to Oz. In cylindrical polar coordinates r, z (Pig. 7) 
Laplace’s equation V®Z7 == 0, for a function U of axial symmetiy 
{dl8<f> 5= 0), has the form 


/0®Z7 . 0® 


0r® 


+ 




8U ^ 


(36) 
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showing that there must be a function V(r,z) related to U by the 
equations 


dV_, 

dz 


8r’ 


ay ^ 

dr dz' 


(38) 


It follows from these that 


su 3r susv_ ,39, 

showing that in any meridian plane = constant) the curves U = con¬ 
stant and V = constant cut orthogonally. Since the former curves are 
dipole equipotentiaJs, the latter curves must be the lines of force. 



Fig. 7. lUustratmg cylindrical polar coordinates 


The equation of these lines is (by 1.17) 

y2/J{8 = constant. (40) 

Hence V — r*/iJ®-l-constant. (41) 

If in (34) we intei^ret s as the time (to which it is in fact proportional 
or, with a change of units, equal), the left-hand side of (34) is clearly 
the vector acceleration of a particle with position vector R; its three 
cyUndrioal polar components, in terms of the coordinates r, <f>, z of the 
point R, are dh'lds^—r(d<j>ld8)^, {l/r){d/ds){r^ d<j>lds), and dhjds^ (the 
calculation of these may be found in any treatise on three-dimensional 
mechanics); the corresponding components of dRjda and grad U, on 
the right-hand side of (34), are drjda, rd<f>jds, dz[ds and dUjdr, dU/r d<f), 
dUjdz respectively. Since U is independent of (f>, it is readily seen that 



/ 
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the three component equations corresponding to (34) are as follows: 

ds^ \ds) ds dz' 

_ {^dU dr 8U\ 

dsj ~ \ds'^~ds~^j’ 

ds^ ds 8r * 

Substituting from (38) in (43) the latter becomes 

day dsj ds’ 

of which the integral is 

^ = constant, 
ds ’ 

or. by (41), 

where y is an arbitrary constant. 

StOrmer has shown that interesting conclusions may be derived from 
(47). Let 9 denote the angle between the tangent to the trajectory at 
the point P, and the meridian plane through P; then 

' wci6 = rd(f>jds. (48) 

Consequently, (47) may be written in the form 

= (49) 

Since |sin0| < 1, this provides a means of determining certain regions 
to which the trajectories are restricted. StOrmer has investigated these 
regions very fully, and has shown that the boundaries are of three dis¬ 
tinct types, corresponding to the following three intervals for y: 

(а) y<—1, 

(б) -1 < y < 0, 

(c) y > 0. 

These three types are shown for typical values of y within the three 
ranges (a)-(c) by the diagrams in Plate 36; the shaded parts are the 
regions which the corpuscles cannot enter. 

To obtain the actual three-dimensional space the figures on the left, 
showing the excluded regions (in black) in any axial plane, should be 
rotated about their axes, as shown on the right of Plate 36. From these 


(42) 

(43) 

(44) 

(45) 

(46) 

(47) 
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liagranis it is deax that corpusoles can. pass through the ongin (the 
jentre of the earth) only if their initial position and direction of motion 
ire such that y is negative. This can also be seen from (49), -written 

in the form ^ „ /kax 

, rsin0 = ^+2y; (50) 


excluding the case when r = 0 and JS ^ 0, i.e. excluding paths along 
the z-axiSj'it is dear that as iJ -> 0, so -that also r 0 and (since sind w 
finite or zero) r siufl ->■ 0, it is necessary that r®/J2®+2y ->■ 0. This is 
possible only if y is negative. 


Suppose y = ""yi* 

where y^ is positi-ve; then as rsinfl -> 0, the -trajectory must approach 


the line of force ^ 

_ = 2yi. 


(51) 


StOrmer has shown that the trajectories which pass through 0 have a 
liig Tx order of contact -with the lines of force at this point; this is 
becau^ the asymp-totic expansion near the origin is found -to be 

(62) 

2yi 

where the arc length 8 along the trajectory is measured from 0, and ^ 
is the angle between Oz and the position-vector B, so that r = 2Jsin«/r; 
in terms of JS and (61) takes the form 

= (63) 

2yi 

StSrmer calculated I from (33) for various kinds of electric particles, 
adopting for M the value (of. p. 645) 

Jf = 8-62x10“. 


For electrons, elm — 1-76x10’; for hydrogen atoms, ejm = 9-6XlO»; 
for calcium a-toms, ejm = 2-4 x 10®. Hence mvje and I have the 
following values for these partides, moving -with the various speeds 


indicated: 


Table 1 


V -■ 

10' 1 

10* 1 

10* 

10“ a 



mvie 

Z(om.) 

fiwle 

1 (an.) 1 

mole 1 

Horn.) 

mo/« 

Z (on.) 

Sleotron 

H+ 

0a+ 

0«56 

1*04 X10* ! 
4,-2XlO* 

1- 2X10« 

2- 9x10“ 
4-5X10“ 

6-6 

1-04x10* 

4-2x10* 

8- 9x10“ 

9- 0x10“ 
1-4x10“ 

55 

1-04x10* 
4-2 X10* 

1- 2x10“ 

2- 9x10“ 
4-5x10* 

565 

1-04X10* 

4-2x10* 

8- 9x10^^ 

9- 0 X10* 
1-4X10* 


It may be added that 7X10® cm. was the value of mv/c attributed by 
B irkela-»«l to the fast-moving electrons which he supposed to be the 
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cause of aurorae and magnetic storms; the coiresponding Talue of I 
is 3-6xl0». 

In aU the above oases I is less than the distance (1*6 x 10^^) of the sun 
from the earth. In Plate 36 (for any value of y algebraically less than 
—1) the outer boimdary of the iimer unshaded area crosses the plane 
z = 0 at a distance r less than unity on the reduced scale, that is, at 
a distance less than 1. Hence in this figure the sun hes beyond this 
boundary, so that no trajectory from the sun can reach the origin for 
y < — 1: also for y > 0 no trajectory reaches the origin. Hence the 
only trajectories which can reach the origin are for values of y such that 

-1 < y < 0, 

as in the two middle sections of Plate 36. For any value of y between 
these limits, the part of the earth’s surface l 3 dng within the unshaded 
area in Plate 36 consists of two narrow zones; as y ranges from 0 to —1 
these zones traverse the spherical cap extending from the z-axis to the 
polar angle ^ = a, obtained by substituting in (63) y = — 1 or y^ = 1, 
and F = a (where a here denotes the earth’s radius), or rather 22 = ajl, 
because in (53) the reduced units are implied. Thus the angular radius 
a of the polar caps is given by 

sina = (2o/2)*^. (66) 

This gives the maximum polar angle at which any such single particle 
from the sun can impinge upon the earth. Since a = 6*4x10® om., 
the following are the values of a. corresponding to the particles and 
speeds considered in the preceding table. 


Table 2 


V (cm./wo.) 

I 10^ 

108 

10» 

1010 

Meotrons 

0*6® 

1-0® 

1-9® 

3-3® 

H+ . . . 

3*8 

6'8 

12-1 

22-1 

Ca+ . . . 

9*7 

17-1 

32-1 

72*8 


For the high-speed electrons considered by Birkeland, the value of 
a is 37*4°. 

The observed maximum angular distance of aurorae from the earth’s 
magnetic axis at ordmary times is about 26“, which would correspond to 
electrons with a speed nearly equal to that of Birkeland’s electrons, or 
to hydrogen ions with a speed 10^°, or to ealcium atoms with a speed 
somewhat exceeding 10® om./sec. At times of great magnetic distur¬ 
bance, the angle increases to 36° or even more. 

96U.80II Qq 
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StSriner shoved also that an inner limit of the region of auroral pre¬ 
cipitation is imposed by the fact that the sun, supposed to be the 
source of the charged corpuscle, never lies at an altitude of more 
than 36® above or below the earth’s magnetic equatorial plane. By 
numerical integration for the case of cathode rays (electrons) he showed 
that the paths which, starting from the sun, pass through the origin, 
must meet the earth’s surface in the zone limited by the inequality 

— 1 <y < —0-2. 

The outer angular radius of this zone is the angle a already found. The 
inner angular radius, a', is given by 

sinot' = (2yia/Z)* = (0-4a/Z)*. (66) 

The linear width of the zone is «(«—«') cm. 

The inner radius of the zone, or the lower limit of a, does not depend 
on the properties of the particles in the same simple way as a, the outer 
radius. 

The above considerations refer only to the paths from the sun which, 
if ideally continued inside the earth, would reach the origin. Other 
paths exist, not passing through the origin, which can enter the regions 
marked as forbidden in Plate 36. But since ajl is fairly small for most 
of the particles considered, StOrmer assumed that any paths which 
enter the atmosphere, where their distance from the origin has the 
comparatively small value a, wiU not depart far from the paths that 
actually pass to the origin; if so, such paths must lie nearly if not wholly 
within the permitted regions of Plate 36. 

If we imagine particles emitted (successively, each singly) in aU 
directions from the sun, with a definite value of mv/e, there wQl be a 
certain number of ‘distinguished’ directions corresponding to paths 
that pass through the earth’s centre. Paths emitted in directions near 
to these may be expected to come near the earth. 

Por particles emitted in certain special'distinguished directions’ from 
neighbouring points on the sun, at slightly different latitudes north 
or south of the earth’s magnetic equator, corresponding to different 
points of an emitting area on the sun (or different positions of the same 
point on the sun, as its terrestrial magnetic latitude changes, mainly 
owing to the earth’s daily rotation), StOrmer found that the distribu¬ 
tion of the points at which the particles meet the earth is very elongated 
along the auroral zone; for example, for relatively slow electrons 
(mvje — 316) he found that the region of precipitation might have a 
length of 276 kilometres in longitude, and a breadth of only 0-072 km. 
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(72 metres) ia latitude. For ‘stiffer’ paxtides (greater values of imje) 
the thickness is greater, being several kilometres for ot-rays from radium 
{mv/e = 8 X10®). In aU these oases the corpuscles idU enter the atmo¬ 
sphere very nearly along the lines of the earth’s noagnetic force. These 
oharaoteristios agree well with those observed in auroral draperies. 



8. Four types of periodic orbits of individual obarged partioles, found 
by numerical integration by 0. St5rmer, and demonstrated ez^ierimentedly 

by E. Brdcbe 


Particles from solar points, in neighbouring terrestrial latitudes 
relative to the earth’s magnetic equator may impinge on the earth at 
widely separated regions along the auroral zone, and their distribution 
in such regions of the zone may also be in a number of limited parallel 
bands, corresponding to the parallel auroral draperies that have often 
been observed. 

Fig. 8 shows corpuscular paths of other types, determined theoretically 
by Stbrmer and beautifully verified esperimentally by Briiche. Its 
four sections portray four examples of a great variety of periodic paths, 
which consist of successive parts that are congruent, and in some oases 
form closed periodic orbits. StOrmer suggests that particles describing 
such paths may be the cause of the world-wide magnetic pulsations 
'^sometimes stated to exist (10.6); many of the observed pulsations appear, 
however, to be confined to rather limited regions. 

An important appHcation of StOrmer’s auroral theory, and one which 
at the outset was quite unexpected, is to the cosmic rays (14.16), whose 
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approach to the earth is raodified by the geomagnetic field. This 
subject is outside the scope of this book, though the distribution of the 
impact of cosmic rays on the earth imparts additional interest and im¬ 
portance to the study of geomagnetism, and the variations in this dis¬ 
tribution, associated with geomagnetic disturbance, may throw valuable 
light on the mechanism of the latter. Lemaitre, VaUarta [27-31], 
Epstein [32], and others have made notable contributions to our 
knowledge of the influence of the earth’s (and possibly the sun’s) mag¬ 
netic field on cosmic rays. 

24.13. Stfirmer’s equatorial current-ring. StOrmer, while ex¬ 
pressing no definite conclusion as to the nature of the particles which 
cause aurorae, appears generally to have considered them to be high¬ 
speed electrons, not ad moving with the same speed. He seems, how¬ 
ever, to have felt the difflculty of supposing the speed to be so high as 
is necessary to account for the observed auroral zone. In order partly 
to remove this difficulty, and also to explain why the angular radius of 
the zone is much enlarged at times of magnetic disturbance, he pro¬ 
posed an additional hypothesis (see pp. 37-104 of [196]). 

If one looks from the sun towards the earth, in such a way that the 
earth’s north pole appears uppermost, then negative particles projected 
earthwards from the sun will be magneticaUy deflected to the left, and 
positive particles wiU be deflected to the right. Negative particles 
directed to the right of the earth will therefore move in a path extending 
partly round the earth, while particles directed to the front of the 
earth, or to the left of it, will be turned backwards or sideways away 
from the earth. StOrmer imagined a great bundle of negative particles 
thus flowing eastwards partly round the earth; this is illustrated (by some 
of the paths) in Plate 37, which with the aid of a stereoscope serves to 
show the space-distribution of many different types of path. Since the 
charges in motion round (or partly round) the earth are equivalent to 
an electric current, they will produce a magnetic field, which near the 
earth will be similar to the magnetic field of a complete ring of east¬ 
ward-moving electrons, carrying a westward positive current. Positive 
particles directed towards the left of the earth would hkewiee bend 
partly round it, flowing westwards, and being roughly equivalent to 
a westward current-ring. Such a ring, in either case, Kould reduce the 
magnetic force parallel to the earth’s axis, in the middle belt of the 
earth; this is a main feature of magnetic storms. If the equivalent rinj 
is very large, its radius being many earth-radii, the magnetic field of the 
ring win be extensive, and over large regions may exceed the earth’( 



PLATE 37 
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own field. It may therefore modify the zones of precipitation of solar 
corpuscles upon the earth. Sthrmer showed by a number of detailed 
calculations that the effect of the ring would be to enlarge the angular 
radius of the auroral zone. He therefore suggested that even at ordinary 
times the current-ring exists, and enlarges the radius of the auroral 
zone, beyond the value indicated by the simple theory which takes 
account only of the earth’s magnetic field; it is then natural to suppose 
that at times of great magnetic disturbance the current in the ring will 
increase in strength, and draw the auroral zone equatorwards into 
unusually low latitudes. 

For the purpose of his theory it is necessary to have the current-ring 
very large, in order to affect the motion of a charged corpuscle over a 
great part of its path, without introducing an additional magnetic 
field near the earth, more intense than is actually observed during 
geomagnetic disturbance. 

The particles in the ring are supposed to be circling freely, under the 
defiecting influence of the earth’s magnetic field. At the distances and 
with the speeds considered, the magnetic deflecting force is much 
greater than the force of gravity, which can therefore be ignored in 
calculations concerning the ring. The equation of motion of the 
particles of the ring, moving with velocity v in a circle of radius r in the 
magnetic equatorial plane, expresses the balance between the centri¬ 
fugal and the deflecting forces, namely 

mv^jr = evH = evJBQa^jr^, (67) 

where Hq = Ma^ is the equatorial value of the magnetic intensity at 
the earth’s surface. Hence 

r* = eHga^jmv = Me/mv = P, (68) 

by (33); thus the values of r for various values of mv/e are those 
abeady given in Table 1. 

A ring composed of particles for which mv/e corresponds to any 
assigned radius I, and carrying a total current of i e.m.u. or A amperes 
{A == lOi), will produce a magnetic field of which the intensity H at 
the earth is approximately given by 1 (26) (taking r = a = Z), or 

H = irA/6Z. (69) 

The particles of the ring are not supposed necessarily to have the same 
value of mvje as the deflected particles which produce the aurora. 
StSrmer gives several tables showing, for various values of mv/e foi 
each of the two sets of particles, what is the value of H that would 
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correspond to various assigned angular radii a for the auroral zone. 
The corresponding values of A are immediately calculable from H and 
mvje. 

A fev examples may be quoted. If for both the auroral and the 
ring particles mvje = 4X10® (as, for example, for Ca+ ions with speed 
10® cm./sec.), then for a = 19® and a = 26° the values of H are respec¬ 
tively 10 y and 60 y, which are reasonably small. The value of I is 
1-4X10^®, or about 22 earth-radii (one-third of the radius of the 
moon’s orbit); the values of A corresponding to S' = lOyandi? = 50y 
are 2-2 x 10® and !•! x 10’ amperes. Por the same particles, the respec¬ 
tive values OL — 36°, 40°, 46° require H =■ 316, 660, 1,200y; these are 
greater than the observations warrant. 

If mvje is 100 for the particles of the ring (corresponding to elec¬ 
trons with speed 2 x 10® cm./sec.), almost the same values of H apply 
to the cases a. = 19°, 26° when mvje for the auroral particles ranges 
from 100 to 10®. Stormer’s hypothesis here bears closely on the theory 
of magnetic storms, and it is important to know whether such a current- 
ring, composed, as this theory assumes, of charges aU of the same sign, 
could hold together for a sufficiently long period against the mutual 
repulsions of its particles. It must be remembered that the decrease 
of horizontal magnetic force produced during magnetic storms often 
takes days, and sometimes weeks, to die away. 

It might seem that the simplest method of explaining the enlarge¬ 
ment of the radius of the auroral zone during magnetic storms, if 
StSrmer’s general ideas, based on the motion of a single charged particle, 
are accepted, would be to suppose mvje to be increased at such times. 
St&rmer rejected this view because it would imply that the particles 
should penetrate farther into the atmosphere during magnetic storms 
than at ordinary times; whereas he states that low-latitude aurorae 
penetrate less far down than normal aurorae. This argument is not 
conclusive, however, unless it can be shown that the amount of air 
traversed is less, because low-latitude aurorae, following the lines of 
magnetic force, come iu more obliquely than the ordinary polar aurorae. 

The really destructive argument against St6rmer’s theory of the 
current-ring is that this would not hold together against the mutual 
electrostatic repulsion of its particles; this is sufficiently established 
by the discussion of § 8, unless the corpuscles have improbably great 
energies, which would not be consistent with the observed levels of 
auroral penetration. Similar arguments affect the whole of Stormer’s 
auroral theory, in that electrostatic forces in streams of corpuscles must 
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profoundly afieot the motions, so that a fundamental revision or exten¬ 
sion of his theory is necessary. 

Kevertheless, Stdrmer’s theory is very successful in establishing 
many analogies with auroral features, in the motions of siu^e corpuscles 
or thin beams of corpuscles. This makes it seem likely that much of the 
theory will in time be embodied, though in some modified form, in the 
complete theory of auroral and geomagnetic disturbance [33]. 

24.14. The action of a magnetic field on a neutral ionized 
stream. The first detailed attempt to discuss the motion and effects 
of a neutral ionized stream of solar particles, in the neighbourhood of 
the earth and under the iofiuenoe of the geomagnetic field, was made 
by Chapman [37] in 1923. He sought only to determine the steady 
state; the stream was supposed fiom the outset to envelop the earth 
completely, and to extend to infinity in both directions along the line 
of motion of the stream, and also laterally. His main aim was to find 
whether a strictly neutral ionized stream would be deflected by the 
earth’s fleld so as to impinge mainly in the polar regions; and also to 
find whether this deflexion could account for the entry of the stream 
into the atmosphere over the dark hemi^here of the earth. He con¬ 
cluded that the stream would be only dightly deflected, and that it 
would not explain the aurora polaris. 

The problem was taken up affesh some years later by Chapman and 
Ferraro [38], who concluded that Chapman’s earlier investigation [37], 
by assuming the stream to have been acting on the earth for an 
indefinite period, had ruled out the features that seemed in actual fact 
to b^ of chief importance in the problem. They found that the geo¬ 
magnetic field might influence the stream, as this advanced towards the 
earth, in a way that could account for the first phase of a magnetio 
storm; and that the earth’s field would, as it were, carve out a hollow 
space, of diminishing extent, round the earth, though the matter of the 
stream could pour into the earth’s atmosphere along two 'horns’ 
extending from the surface of this hollow, ode towards each polar region. 
They suggested that the further development of the magnetio storm, 
and the auroral phenomena, were produced by charged layers induced 
on, and escaping firom, the surface of the hollow. Their work provides, 
however, only the barest sketch of a theory, in which much is left 
tentative and uncertain, for further study. 

They led up to the actual problem of the solar stream approaching 
the earth’s field, which is a subject of extreme difficulty, by considering 
a series of idealized simphfied illustrative problems. They found that. 
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though Chapman’s earlier investigation -was defective in some points, 
one of its main conclusions was correct, namely, that within the solar 
ionized stream the ions and electrons can move nearly rectilinearly 
without spiralling, and with only a slight deflexion by the field. The 
field tends to deflect the ions and electrons in opposite directions, and 
so to separate them, hut this separation is resisted by an opposite 
tendency due to the electrostatic field set up; all that finally results 
is a slight polarization of the stream, involving a surface charge-dis¬ 
tribution, and also, in general, if the polarization is not uniform, a 
volume charge-distribution. The electrostatic energy of the polariza¬ 
tion is drawn firom the hiuetic energy of the stream, which is slightly 
slowed down. 

The mere presence of the surface charge, imcomplicated by other 
eifects that occur in general, is exemplified in the case of a stream in 
the form of an ‘infinite plane slab’, bormded by two parallel planes 
{y = ±«). between which the density {N electrons and N positive 
ions per o.c.) and the velocity are uniform. When such a stream is in 
the presence of a uniform magnetic field if, in the z direction (normal 
to the velocity v) and parallel to the planes y = ±a, a uniform stuface 
charge of surface density ±.vJBJi^c (= ±cr) is set up, of opposite sign 
on the two faces of the slab. These surface charges exert a uniform 
electric field 4ijro or uHjc, in the y direction, within the stream, and no 
field outside the stream; the internal electric field just balances the 
electromagnetic force on the particles, ±euHjc, due to the magnetic 
field, so that within the stream the particles move rectilinearly as 
though the field were absent. Chapman and Ferraro considered in 
detail the state of the charged surface layers of the stream, which are 
stable; if the particles have no random thermal motions, the two layers 
can pulsate rhythmically with the spiral frequency of ions or electrons 
(16 (71)); the ionic layer pulsates with much the greater amplitude, and 
much more slowly, than the electronic layer, and the two layers have 
thicknesses in proportion to the masses of the ions or electrons of which 
they are composed; the weaker the magnetic field, the slower the 
pulsations of the layers, and the greater the amplitudes. If, however, 
the particles of the stream, while possessing the uniform mean motion 
u, form a gas at temperature T, the particles will have random thermal 
velocities superposed on the surface layers will still be stable, since 
any charge which, by its random motion, is carried out of the layer wHl 
be deflected back into the layer by the field; the random motions 
slightly blur the siipple conditions previously described, but do not 
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alter their character in any essential respect. The magnetic held will 
be affected by the stream only to the extent of a fraction of itself, of the 
order {ujc)^H ; the only electric currents present axe those in the two 
surface layers. If H is sufficiently great, in relation to the density and 
breadth (2a) of the stream, the lateral polarization of the field may 
separate the positive and negative charges into two distinct layers, 
there being then no neutral body of the stream; the two layers will 
pulsate side by side, perhaps overlapping at some stages of the motion. 
If the stream has a component of velocity parallel to the magnetic 
field, this component will remain constant, and will not affect the 
consequences of the motion transverse to H. 

The next simplest ideal problem to consider is that of a uniform 
cylindrical stream (of circular cross-section) moving uniformly through 
a uniform transverse magnetic field H. As before, the stream is laterally 
polarized by the field, in the direction transverse both to E and to the 
velocity u-, a surface distribution of charge is set up, which produces a 
uniform electric field uEJc within the stream, and just neutralizes the 
deflecting action of the magnetic field upon the ions and electrons in 
the neutral body of the stream. The surface layers pulsate as before, 
but in the present case the problem presents a feature which was 
(exceptionally) absent in the case of the plane-slab stream; the charged 
surface layers now produce an electric field outside as well as inside 
the stream, and this field, acting on the particles in the surface layers, 
tends to disperse them away from the stream. They will be accelerated 
nearly along the lines of force of the magnetic field; the eketroris form¬ 
ing the negatively charged layer will escape (in both the ±z directions) 
much more rapidly than the positive ions, because the accelerating 
electric force is (at the outset) the same for particles of either kind, and 
the electronic mass is much the smaller. As charges escape from the 
surface, new charges will flow thither from the interior to maintain the 
uniform electric field within, just sufficient to balance the electro¬ 
magnetic deflecting force ^euEfc. This corresponds with the fact that, 
relative to axes moving with the stream, the electric field inside it must 
be zero (to a high degree of approximation), since the stream is a good 
electrical conductor; relative to such axes the magnetic field M (as 
measured by a ‘fixed’ observer) produces a transverse electric field 
vMjc (neglecting quantities of the order (w/c)®), in the direction opposite 
to that of the field due to the surface charges; it is this ‘relativistio’ 
electric component of the magnetic field, relative to the stream regarded 
as stationary, which produces the electric polarization of the stream and 

WM.S0 n :b r 
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is tkereby annulled. The internal electric field is due to the charges 
over the siuface and to those that have escaped from it; the surface 
field adjusts itself to render the internal field uniform. 

Chapman and Terraro have discussed many of the details of the 
escape of the surface charges from such a cylindrical stream. It seems 
likely that the escape and renewal of the charged smface layers will 
continue until the stream becomes completely dispersed, tending, in 
fact, to spread in the ±z directions so as to form a polarized infinite 
slab stream, in which, besides the forward motion u, there is also a non- 
uniform distribution of motion m the ±z directions. The energy of this 
latter component of motion, originally absent, is gained at the expense 
of the kinetic energy of the forward motion u, so that this forward 
motion is retarded. 

The uniform motion of a uniform spherical neutral ionized cloud in a 
uniform magnetic field can be discussed in a similar way. From this 
and the two preceding problems some general inferences can be made 
as to the uniform motion of a uniform neutral ionized stream or cloud 
of any form, in a uniform magnetic field. Relative to axes moving with 
the particles, the magnetic field merely produces a uniform transverse 
polarizing field; this sets up a distribution of surface charge whose 
field balances the polarizing field, in the interior; the surface charges 
are unstable and are repelled away. The relative transverse displace¬ 
ment of the interior charges, while the polarization is being set up, is 
of order uHj^icNe, or approximately uHjdON. If, for example, 
E = 0-36 r (as at the earth’s equator) and u = 10® cm./sec., then the 
relative displacement of the charges is 4x 10®/^; if JV = Od, then the 
displacement is less than 40 km., which is small compared with the size 
of the earth. If the motion of the stream is not uniform throughout its 
interior, then even in a uniform magnetic field the surface charges set 
up by electro-magnetic deflexion of the particles cannot balance the 
deflecting forces; electric currents will be set up in the interior, and will 
be acted on by the magnetic field; the body of the stream will be 
accelerated in some parts and retarded in others, in a maimer tending 
to make the velocity uniform throughout the stream. 

If the stream moves with u n i f orm motion in a non-uniform field, into 
regions of increasing magnetic intensity, the electric polarization of the 
stream must continually increase, and this necessitates a continuous 
transverse flow of charge across the stream; the magnetic field acting 
on this current retards the forward motion, as indicated by Chapman 
in his earlier paper. This retardation can be illustrated by considering 
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a neutral ionized stream of uniform mass-density p, advancing with 
initial velocity u into a region of gradually increasing transverse 
magnetic intensity H, where the velocity is reduced to the retarda¬ 
tion is approximately given by 

= Xl{l+X), (60) 

where A = (61) 

Taking H = 0-35 T, Table 3 gives the ratio u'ju for several different 
values of A. The table also gives the corresponding values of the 
mass-density p\ in this cormexion it may be noted that, for a stream 
containing one hydrogen atomic ion (and one electron) per c.c., 
p = 1*7 X10“®* gm./c.c. 

Table 3 


A 

0-01 

0-1 

0-2 

j 1 

2 

10 

100 

P 

0-10 

1 MX 10-26 

0-30 

1*1 X10-24 

0-4:1 

2-2x10-24 

0-71 

1-1x10-22 

0-82 

2-2x10-28 

0-96 

MX 10-22 

1-00 

MX 10-21 


The table shows that the stream containing one H+ ion per c.c. would be 
considerably retarded in traveUing into a field of intensity 0*35 T. The 
retardation wotdd be small, however, for streams of density correspond¬ 
ing to 60 H+ ions (or about 1 Oa+ ion) per c.c. 

The further discussion of the motion of a neutral ionized stream of 
dimensions great compared with the earth, up to and beyond the earth 
(so as to envelop it), is postponed to Chapter XXV, as being properly 
part of the detailed theory of actual geomagnetic disturbance, accord¬ 
ing to one of the hypotheses considered there. 





XXV 

THEORIES OF MAGNETIC STORMS AND AURORAE 


25.1. The principal facts to be explained. Aurorae and geomag¬ 
netic disturbance are complex phenomena, and any theory that seeks 
to explain them in detail must likewise be comphcated. But in 9.11, 
9.12, and 9.14 it has been shown that many systematic properties under¬ 
lie the complexity and indiTiduality of these D phenomena. The 
regularities of their distribution in space, development in time, and 
frequency of occurrence, must be our guide in studying the causes and 
the mode of production of the D phenomena [24.1]. Sometimes, however, 
hypotheses have been proposed which pay Little regard to the systematic 
properties—sometimes even apparently with little knowledge of them. 
Great difftculties have been experienced in aU serious attempts to con¬ 
struct a theory of aurorae and magnetic storms, and the difficulties 
arise quite as much from the regular properties as from the irregularities. 

The properties to the explanation of which a theory should chiefly 
be directed seem to be as follows: 

(a) The morphology of the average disturbance field as summed up 
in the current-systems of Figs. 9.21-6, these being regarded as conveni¬ 
ently summarizing the regular features of the D field at the earth’s 
surface, without assuming any special location for the actual current- 
systems; though these (apart from the associated induced earth crrcrents) 
must be outside the earth. 

(b) The development of the D field with respect to storm-time, as 
indicated by Figs. 9.4,9.6, including the suddenness of commencement 
in the case of many storms. 

(c) The polar incidence and distribution of aurorae, and the general 
connexions between aurorae and geomagnetic disturbance. 

(d) The 27-day recurrence-tendency of the D phenomena. 

(e) The other statistical relationships of these phenomena with the 
sun. 

(/) The variety of the irregularities in the D field, some of which are 
almost world-wide, whereas others are local. 

In time the relationships between the D phenomena and the iono¬ 
spheric data determined by radio methods may make important con¬ 
tributions to the above set of facts (Oh. XV). 

25.2. The nature of the solar cause. The cause of the D pheno¬ 
mena may with every confidence be located on the sun; unfortunately 



NATUBE OB' THE SOLAR CATTSE 


851 


it is still a mystery where, when, and how this oattse begins to act there. 
The work of the theorist must therefore at present be largdy an 
imaginatiYe constmctiou; he must explain definite texr^tiial pheno¬ 
mena by causes of whose origin on the sun, and of whose mode of trEinsit 
to the earth, he is mostly ignorant. Speculation is unavoidable, though 
it must be guided by such poor sign-posts towards tibe truth of this 
problem as our present physical and solar-physical knowledge supplies; 
it must also be controlled by the quantitative development of the 
hypotheses considered, to the utmost possible extent; unfortunately 
here also the task is arduous, owing to the inescapably three-dimen¬ 
sional character of many of the problems that demand mathematical 
investigation, and their complicated electric, magnetic, and also partly 
hydrodynamic nature (hydrodynamic here referring to problems of 
gaseous motion, including also some in which kinetic-theory considera¬ 
tions necessarily enter). At present only the fringe of the subject has 
been touched, and the progress made has been less constructive than 
destructive by criticism showing that most of the hypotheses yet 
advanced are not tenable. 

In Chapter XXIV the two basic types of theory, as classified accord¬ 
ing to the nature of the solar agent causing the D phenomena, have been 
considered. The alternatives are that the solar agent is either rdtra- 
violet light or corpuscles; the condusion drawn in Chapter XXIV was 
that corpuscles axe the likely cause. The chief factors in favour of this 
view are 

(а) the 27-day recurrence tendency shown by the D phenomena; 

(б) their polar property; 

(c) the time-lag between the central passage across the sun of the 
disturbed solar areas thought to be re^onsible for terrestrial 
phenomena, and the oocmrence of the geomagnetic disturbanoe; 
and 

(d) the dissimilarity of the D phenomena to the magnetic effects of 
solar flares of ultra-violet light. 

Perhaps none of these factors is absolutely conclusive in favour of 
the corpuscular hypothesis, though especially the first seems very 
difficult to reconcile, in any unforced way, with the ultra-violet light 
hypothesis. The weak point in the argument based on the third factor 
is the uncertainty as to the connexion of the visible disturbed solar 
areas with the D phenomena considered; this, and Ae possibility of 
non-radial emission of corpuscles, or of their deflexion by the sun s 
magnetic field, is also a weakness in the estimates of the corpuscular 
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speeds based on the time-lags (c); these estimates of speed are of the 
order 1,000 to 2,000 km./sec. The factor (b )—^the polar property of the 
D phenomena—seems to tell heavily in favour of a corpuscular hypo¬ 
thesis, although Hulhurt [2] and Maris have constructed a hybrid 
theory vrhich, though based on ultra-violet flares on the sun, has some 
corpuscular characteristics at the terrestrial ‘end’ of the problem; the 
corpuscles of their theory, that is to say, are terrestrial; this theory 
is considered in § 8. The argument from (d) is strong, but not completely 
proof against objections attributing a less penetrating character to 
the ultra-violet light 'which may be supposed responsible for the D 
phenomena, than to the light of the observed brief solar flares. 

Except for an account of the ultra-'violet light theory, due to Hulburt 
[2, 8] and Maris [6], the present discussion of magnetic storm theories 
•will be based on the corpuscular hypothesis. This has been proposed in 
various forms; again there are tvro main di’visions, according as the 
stream of corpuscles is supposed electrically charged or neutral. The 
difficulties encountered by hypotheses based on charged streams or 
clouds of particles have been discussed in Chapter XXIV; these were 
first urged by Schuster [24.1] against such hypotheses when proposed 
by Birkeland [24.2], Lodge, and others, and are based on the electro¬ 
static dispersion of the stream on its way to the earth; subsequently 
Lindemann [24.16] raised similar and related objections against another 
form of charged-stream theoiy, proposed and afterwards abandoned 
by Chapman [9.2]. It seems impossible to overcome the electrostatic 
objections to hypotheses based on the direct magnetic action of charged 
streams from the sun, except by postulating corpuscular speeds so 
near to that of light (in order to render the particles very energetic 
and massive) as to project the theory into a pitfall of a quite different 
hut equally serious character (24.10); because the particles then have 
penetrating power comparable with that of cosmic rays, and the 
theory comes iuto conflict "with the known levels to which auroral 
rays penetrate the earth’s atmosphere, and ■with the kno'wn very slight 
variation in the intensity of cosmic rays at times of great magnetic 
disturbance. 

Consequently the only possibly tenable type of solar-corpuscular 
hypothesis to explain the origin of the D phenomena seems to be that 
which assumes a stream which is electrically neutral; and in order that 
the stream may be at all influenced by the earth’s magnetic field, as 
seems to be necessary to account for the polar property of the D 
phenomena, it must be supposed that the stream, at least when it 
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reaches the earth’s aeighhourhood, is neutral hut ionized. It may have 
this character from the time of its emission, or, as Lindemann suggested, 
it may become ionized on its journey from the sun. The distinction 
between these two possibilities is one for the solar physicist to consider; 
here the ionized character of the stream, near the earth, will be adopted 
as a starting-point of the further discussion. 

The form and motion of a corpuscular stream continuously emitted 
by the sun and travelling towards the earth have been discussed in 
Chapter XXIV, up to the point where the earth’s magnetic field is 
reached. Some ways in which a neutral ionized stream can be influenced 
by a magnetic field were also considered there, but the phenomena 
connected with the approach of the stream towards the earth, and its 
passage across it, were deferred to the present chapter, as being essen¬ 
tially the terrestrial part of the theory of the D phenomena. 

25.3. The advance of a neutral ionized stream of solar particles 
into the earth’s magnetic field. The attempt to determine what will 
happen when a neutral ionized stream of solar particles approaches the 
earth, and in particular how it will be influenced by the earth’s magnetic 
field, represents a purely deductive approach to the theory of the D 
phenomena, tmdertaken under the guidance of the considerations 
described in § 2. The speed and mass of the individual particles, and 
the density and lateral dimensions of the stream, are not actually known; 
but if particular (or general symbolic) values for these quantities are 
adopted, the problem presented is a quite definite one. Unfortunately, 
owiug to its great dififlculty, only slight progress has been made towards 
its solution. The following account is based on the work of Chapman 
and Ferraro [11] upon this problem. We will suppose that the velocity 
of the particles is 1,000 km./sec. or more, and that the diameter of 
cross-section of the stream, near the earth, is 1,000 earth-radii or more, 
so that its passage across the earth would take at least 8 hours. We 
suppose that it sweeps across the earth in such a way that the centre¬ 
line of the stream passes through or relatively near the earth. At a 
distance of 60 earth-radii from the earth, the intensity of the geo¬ 
magnetic field is small—about 0-3 y; and at that distance the approach¬ 
ing face of the stream will be substantially undistorted, and will appear 
nearly plane as viewed from the earth, subtending a solid angle of 
nearly 2ir. 

This nearly plane face is only slightly inclined to the plane containing 
the sun’s axis and the earth; it approaches the earth by the advance 
of the particles of the stream, along a direction almost radial from the 
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sun, and therefore at only a smaR incRnation to the stream-surface 
(24.3). If the lateral for-ward surface of the stream remained undistorted 
by the earth’s field, it would sweep across the earth and pass beyond 
it so that after about 26 minutes the earjbh would be 60 earth-radii 
witMn the stream; for many hours afterwards the earth would be 
enveloped in the stream. 

The direction of advance of the forward face of the stream towards 
the earth is such that, near the surface, the positive charges wifi be 
deflected in the direction, towards the interior of the stream, and the 
electrons wiU be deflected away from the surface. That is to say, the 
stream will be polarized, and a negative surface charge wfll be induced 
on its surface. The polarization wiR decrease inwards into the stream, 
owing to the decrease of the intensity of the earth’s field. When the 
stream is far distant from the earth, the surface density of charge, 
calculated approximately as in 24.9, is very small; the motion of the 
electrons and ions in the surface layer wRl not be simply periodic and 
pulsatory, as in 24.9; the field is weak and also non-uniform, and the 
surface charges may pass beyond the reach of the electric field of the 
stream, and never return to it. They wdR escape, but the density of 
any such dispersing cloud of electrons wiU be too smaR to exert any 
appreciable magnetic field. Many of the electrons wiR probably find 
their way along the earth’s lines of force towards the polar regions, but 
their penetrating power wiR be small, if their velocities are only of the 
order of 1,000 km./seo., as wiR in general be supposed in our iRustrative 
numerical descriptions. 

When the stream is about 60 earth-radii distant, the spiral radius of 
the outer layer of electrons, at the point on the surface of the stream 
that is nearest to the earth, wiR be only about 20 km., and in the 
equatorial plane the electron wiR osciRate to and from the surface over 
this distance. Those at other points of the surface wRl be in a weaker 
field and can range within a greater distance from the neutral body of 
the stream. But the increasing negative charge on the layer, as the 
stream approaches the earth, coincides with an increasing ‘attachment’ 
of the surface charge to the stream, by reason of the increasing magnetic 
intensity of the field in which the charged surface layer is situated. 

The change in the magnetic field due to the electric current in the 
surface layer is only of order {ujcYH', where u is the velocity of 
the stream and H' the earth’s magnetic intensity in the layer; if 
tt = 10® cm./sec. = 1,000 km./seo., this is neghgible even if the layer 
were in contact with the earth; if it = 10® cm./sec., {uje)^H' would not 
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then be negligible; but it appears that the surface actually cannot 
approach to within a few earth-radii from the earth without being 
greatly distorted; this results in a succession of phenomena of much 
greater importance than the magnetic effect of the rmdistorted charged 
surface layer. No importance is attributed, for the theory of magnetic 
storms, to the surface charge on the boundary of the solar stream, while 
this is approaching the earth with only slight distortion. 

25.4. The distortion of the advancing stream-surface, and the 
first phase of a magnetic storm. The distortion of the stream- 
surface as-this advances towards the earth can perhaps most easily 
be imderstood by considering the problem with reference to axes moving 
with the stream. With respect to these the stream is merely a stationary 
mass of ionized gas of very low density. Its boundary is a great oyhader, 
the curvature of the surface being so small that over areas whose linear 
dimensions are many earth-radii it may be considered plane. The earth, 
for this purpose to be considered as an elementary magnetic dipole, 
with its axis nearly paraUel to the botmdary of the gas, is moving to¬ 
wards the surface, -with a considerable velocity («), along a line inclined 
at only a few degrees to the surface. 

The stationary ionized gas is an electrical conductor, so that the situa¬ 
tion has some features m common with the motion of a magnet near a 
conducting mass of metal. It is well known that such motion induces 
electric currents in the metal, which tend to shield the interior of the 
metal from the changing magnetic field. Further, there is a mechanical 
reaction between these electric currents and the magnetic field, which 
causes a mutual repulsion between the magnet and the currents, or 
rather between the magnet and the part of the metal in which the cur¬ 
rents flow. 

If the magnet is moved in the presence of a conducting fluid, like a 
liquid or an ionized gas, the electromagnetic mechanical force on the 
part of the fluid which conveys the current can distort the fluid. The 
part of the surface where the currents are most intense can in fact 
be pushed inwards by the advancing magnet. Chapman and Ferraro 
concluded that, under certain conditions, the motion of the terrestrial 
magnet relative to the ionized gas of the solar stream could ‘carve’ out 
a hollow space in the stream; they illustrated this in equatorial section 
by Fig. 1, which represents successive stages in the advance of the 
surface of the stream, now viewed relative to axes fixed with respect 
to the earth. The figure implies a great retardation of the part of the 
stream advancing nearly directly towards the earth, so that near the 

8595.S0 n S3 
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‘vertex’ of the surface of the hollo vr space carved in the stream by the 
earth’s magnetic field there must be a great heaping up of gas, as the 
particles from the rear pour on towards the surface near the vertex. 

The distortion of the stream-surface is thus supposed due to the 
mechanical reaction between the earth’s magnetic field, and the current 



Fia. 1. Sections by the earth’s equatorial plane of the 
advancing front sxarfaoe of a corpuscular stream, illus¬ 
trating diagrammatically the formation of a hollow 
apace round the earth by the action of the geomagnetic 
field on the neutral ionized stream 

which its motion relative to the surface induces in the ionized gas; 
these currents tend to shield the interior from the field. If the stream 
were a perfect conductor, the currents would flow wholly in the sur¬ 
face layer, and no tubes of force of the external field would penetrate 
behind this layer. Such a change in the magnetic field is a result of 
the superposition of the field of the otirrents on the external field; 
the field of the currents must annul the external field within, the 
conductor; it will strengthen it in the space outside the conductor, at 
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least in the region near the conductor. This change in the field outside 
the conductor may be thought of as representing the crowding out from 
the conductor, by its surface currents, of the closed system of tubes of 
force associated with the exterior magnet; if we think of the magnet 
as fixed, and the conductor as moving towards it, the surface (by 
reason of the shielding property of the induced currents) is able to 
compress the tubes of force between it and the magnet, progressively 
crowding them together and strengthening the magnetic field m many 
regions, though of course not in all. 

Another way of regarding the effect of the surface currents is that 
these are equivalent to a certain magnetic shell of non-uniform strength, 
lying in the surface, and that this shell may in certain circumstances 
be equivalent, in its effects outside, the conductor, to an ‘image’ magnetic 
dipole within the metal, of the same sign as the external magnet; the 
field of the image dipole, near to and in the equatorial plane of the 
external magnet, will increase the intensity of the field. 

This predicted initial increase of the intensity of the field round the 
external magnet, in the actual case of the solar stream advancing into 
the earth’s magnetic field, is proposed as a possible explanation of the 
first phase of a magnetic storm, during which, for a period of the order 
of an hour or two, the horizontal magnetic intensity is in general 
increased. 

Little importance could be attached to such an explanation, so long 
as it remained a mere qualitative sketch of what might happen to the 
solar stream in the initial stages of its advance upon the earth. A 
quantitative test of the explanation is imperative. Before describing 
the rudimentary steps taken by Chapman and B’erraro in this direction, 
some further qualitative considerations will be mentioned. 

The shielding of the interior of the stream by currents induced and 
fiowing in the distorted surface layers of the stream compresses the 
earth’s tubes of magnetic force into a region smaller than that which 
they would normally occupy, even though they may penetrate to a 
considerable depth in the stream before a region of practically complete 
shielding is reached. This compression of the tubes of force increases 
the magnetic energy of the field, which is distributed with the density 
the gain of magnetic energy must he made at the expense of 
the kinetic energy of the stream, whose particles, throughout the dis¬ 
torted region, are, as stated, retarded by the field. In the remainder of 
the stream the motion and kinetic energy of the particles are undisturbed. 

The retarding force per unit surface area of this current-layer at any 
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point is proportional to the tangential intensity (Hg) of the field, and to 
the current-density {i) at the point; and i will be approximately pro¬ 
portional to the normal velocity (v^) of the surface, and to Eg. Thus, 
in all, the retarding force will be approximately proportional to v^H^. 
In the equatorial plane Eg = E, the surface being there, by symmetry, 
perpendicular to this plane; since E oc 1/r®, where r denotes the distance 
from the earth’s centre, the retarding force varies as vjr^; this rapidly 
increases as the surface approaches the earth, except in so far as the 
velocity of approach, is simultaneously reduced. 

The stream will first be retarded, during its approach to the earth, 
on the advancing side, nearest the earth. As the stream continues to 
advance, the approaching particles near the surface on the sunward 
side of the earth will be increasingly retarded, and the surface will 
become bent round the space occupied by the earth’s magnetic field. 
After the time when, if the field had been absent, the surface of the 
stream would have swept past the earth, the actual surface, on the 
forward side, will be entering into a weaker field, where it is less retarded; 
thus it will be able to advance, along the direction of motion of the 
particles, beyond the part of the surface immediately between the sun 
and the earth. Thus the earth will be enveloped on both the forward 
and rearward sides by the stream, as in Kg. L 

The actual rate of retardation of the surface, and the effect on the 
magnetio field, are matters for detailed calculation; they are found to 
depend essentially on the kinetic energy of the stream per unit volume. 
If the stream-density is so low that the ions and electrons can be sepa¬ 
rately deflected as if they were independent particles, the conception 
of the stream as a conducting medium is inapplicable, and the above 
description of the phenomena is not valid; the electrons and ions would 
behave as does the single particle considered in Stbrmer’s auroral 
theory (24.12); the electrons would be stopped at a far greater distance 
from the earth than that to which the ions could attain; the excluded 
regions for each are as described by StOrmer for particles with the corre¬ 
sponding values of mu/e. On the other hand, if the stream is very 
dense, it would be only slightly distorted and retarded; the currents 
induced during the approach of the stream towards the earth would 
produce an increase in the field near the earth during the approach 
of the stream, but the effect would be very fleeting; the ‘hollow’ would 
be only a slight depression in the advancing surface, which would 
sweep up to and beyond the earth; only the region directly eclipsed by 
the earth would then be &ee ffom the stream. 
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25.5. The quantitative discussion of the first phase. A proper 
analytical disonssion of the distortion of the surface of the stream by 
the earth’s field, and its magnetic consequences, involves difficulties 
that have not yet been seriously attacked. Chapman and Terraro only 
oonsideFed some simpler problems that seemed to illustrate the main 
features of the actual case, to a degree sufficient to yield quantitative 
conclusions of at least the right order of magnitude. 

They first considered the current-system induced in a thin rigid 
infinite plane conducting sheet when a magnetic dipole of moment Jf 
approaches it with nomad velocity w. Maxwell showed that if wje is 
.small, and if the specific eleotzioal surface resistance of the sheet is 
expressed as SttWq (the dim^isions of Wg are those of velocity), then 
the effect of the sheet is to reduce the field of the dipole, throughout 
the space on the side of the sheet farther ffiom the dipole, in the ratio 
Wo/(u>-j-Wo)> same at every point; the effect in that region is as if 
the dipole moment M were reduced in this ratio. In the space on the 
same side of the sheet as the dipole an additional field is superposed, 
which is such as would be produced there if the sheet were absent, and 
replaced by an image dipole, at the (moving) image point. This image 
dipole would have the same sign as Jf, and a moment Jfw/(w-f-i 0 g). 
If the sheet is perfectly conducting, so that = 0, the space on the 
far side is completely shielded, and the image dipole has the same 
moment as the actual one. 

The magnetic energy of the field is iucreased in the region on the 
side of the sheet on which the dipole approaches, though the intensity 
is not changed everywhere in the same ratio, nor even everywhere 
increased. 

Tig. 2 shows the current-lines for the induced current-system, due 
to the relative approach of a dipole to a plane conducting sheet along 
the nomad, the dipole hemg parallel to the sheet. A parallel to the dipole 
axis is indicated by the arrow; the dipole approaches the plane from 
above. The current circulates round two foci; their distance apart is 
V2 times the distance of the dipole firom the sheet at the instant to 
which the diagram refers. As this distance decreases, the whole current- 
system abriTikH proportionately in linear scale. At the two foci of the 
current-system, the lines of force of the dipole are perpendicular to the 
sheet, so that there no e.m.f. is induced. 

Tig. 3 gives a rough illustration of the combined magnetic field of the 
dipole and of the sheet, when this is a perfect conductor, so that the 
space on the far side of the sheet is completely shielded ffiom the dipole 
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field. In this diagram the points Q represent the foci of the crirrent- 
system of Kg. 2. 

If (Z denotes the distance of the doublet from the sheet, in Kg. 3, 
the mechanical force between the dipole and the sheet is the same as 



Fia. 2. Lines of fl.o'w of the electric currents 
induced in the plane surface layers of a neutral 
ionized stream advancing into the geomagnetic 
field, hefore the surface is materially distorted by 
the field 

that between the dipole and an imaginary equal dipole at a distance 
2d; hence (see 1.10) it is ZM^I{2d)*. 

The work done in hringing the dipole jfrom infinity to the distance 
d is the integral of this force with respect to d (not 2d), from oo to d; 
its value is Jkf^/lOd!®. If d = va, where a is the earth’s radius, then, 
substituting the values M — 8-1 x 10*®, a = 6‘37x 10®, this work has 
the magnitude 1-6 x 10*7v® ergs. For example, ii v= 5, the energy 
is 1-3 X 10** ergs. The field of the image dipole at the point occupied 
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by the real dipole would be Mj8(p or MjSi^a^ or where flj, 

(about 30,000y) is the equatorial surface intensity of the earth’s field; 
if 1 / = 5, this is about 30 y; the field of the image dipole would vary 
from HqI{ 2v—l)^ to HqI{ 2v+l)^ at distances ±® from the real dipole, 



PiGf. 3. Diagrammatic sketch of the combined held of 
the geomagnetic doublet and of the electric currents 
induced in the plane surface layers of the advancing 
neutral ionized stream, on the assumption that these 
currents completely shield the interior of the stream 
from the geomagnetic held; in this case the magnetic 
field of the induced current-system is the same as that 
of the image (shown on the right) of the geomagnetic 
doublet, relative to the plane face of the stream 

on the line joining the two; this variation would be-from about 40y on 
the near side to 23 y on the fax side. 

The energy 1-3 x 10^^ ergs may be compared with the kinetic energy 
of a set of particles moving with the velocity 1,000 km./seo. For equality 
between the two energies, the combined mass of the particles would 
have to be 2*6 x 10® gms.; this is the mass of about 2x 10®® hydrogen 
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atoms. If these were distributed throughout a square cylinder of side 
5a and of length such that particles with the speed 10® cm./sec. would 
traverse it in 1 hour (so that the volume of the cylinder would be 
about 3*6x10®® c.c.), there would need to be about one H atom in 
every 1*8 c.c. This illustrates the density of the stream necessary if 
the above amount of magnetic energy were to be supplied by complete 
retardation of the stream over this cross-sectional area, and over a 
length corresponding to that winch would pour forward, over a period 
of time comparable with the duration of the first phase of a storm. 
Needless to say, the bearing of such a calculation, upon the actual 
application of the present ideas to the first phase of a magnetic storm, 
is a matter for careful scrutiny. 

In the case of the relative approach of the earth towards the actual 
solar stream, the motion is at first (while the stream is little distorted) 
at a very slight angle to the surface. This suggests the need for con¬ 
sideration of what would be the induced currents and magnetic efiEect 
if the earth moved parallel to the surface of the stream—a problem 
more difficult than that of the normal motion. The above calculation 
of the field of the image doublet, however, shows that at the earth its 
field win be small until v is not more than 10, that is, until the surface 
is not more than 10 earth-radii distant from the earth. It seems likely, 
however, that by the time the earth is within this distance of the 
stream, the stream-surface will have become, distorted so as to enclose 
the earth on both the post meridiem and ante meridiem sides, and that 
then the surface will be nearest to the earth at or near the point where 
the surface crosses the line from the sun to the earth. This point will 
be called the vertex of the hollow. Thus the approach of the earth to 
the nearest part of the stream-surface will then be approximately 
normal. 

The above calculations for the normal approach of a dipole towards 
a rigid plane current-sheet will not be at all closely illustrative of the 
current-induction in the retarded ionized gas bounded by the completely 
curved stream-surface which encloses the earth on all sides save that 
facing away from the sun. But the curvature of the surface is not 
likely to afreet the estimate of the magnetic field of the current-system 
by a large factor. Other departures of the actual case from the ideal 
system considered are likely to be more important. One of these is the 
imperfect conductivity of the ionized gas, as compared with the perfect 
conductivity assumed in the numerical illustrations based on the pro¬ 
blem of the plane current-sheet. This imperfect conductivity has the 
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result tliat the induced currents will be distributed throughout a layer 
of some thickness; even if the magnetic field of each thia stratum of this 
conducting layer can be supposed equivalent to that of an image dipole, 
the field of the whole current-layer will be represented only by a distribu¬ 
tion of weak dipoles extending sunwards from a distance 2d> measured 
sunwards fi:om the earth’s centre 0, where d now denotes the shortest 
distance of 0 from the stream-surface. The net effect is to blur and 
weaken the effect of the single image dipole previously considered, 
by increasing its distance fix)m 0, beyond the value 2d. Consequently 
the estimate of the magnitude of the ‘first phase’ increase of H, at or 
near 0, for a given value of d or va, will be less than that calculated 
above, for any given value of v. On the other hand, after allowing for 
the greater distance of the image dipole (though this conception is only 
very roughly applicable when the stream-surface is not plane), the fact 
that the earth’s field is compressed within a volume decreased (as 
compared with the case of the plane current-sheet) by the folding of 
the surface round the earth, will imply a rather greater increase of 
magnetic energy, for a given change in if at 0, than was calculated 
above. 

Chapman and Terxaro attempted to determine analytically the rate 
at which the vertex of the stream-surface would approach the earth. 
Their analysis, which was only approximate, will not be reproduced 
here. They concluded that the mode of approach would depend on the 
kinetic-energy density of the (undisturbed) stream, namely on ^Povg, 
where p# and Vo are the undisturbed density and velocity. Tig. 4 shows 
approximately their estimate of how the ratio (w/uq) reduction of 
velocity of the vertex will vary with v (where va is the distance of the 
vertex from the earth’s centre) for different values of the parameter 

y defined by- y = Khrp.vHEl. 

In Kg. 4 the value of this parameter is indicated, for the five curves 
drawn, in terms of the equivalent number of ions per o.o. (both in the 
case of hydrogen and calcium ions), for two different assumed speeds 
note that for H ions these speeds are 10® and 10* om./seo., and that 
for Ca atoms they are 10’ and 10® om./sec., so that the values in the 
first H (hydrogen) column are to be compared with those in the second 
Ca column; if t; = 10® om./sec., the number of atoms per c.c. even for 
curve V (which represents the case—among those considered—of most 
rapid and least retarded approach to the earth) is only 100 (H) or 2’6 
(Ca); the velocity in this case is not reduced by half until the vertex 
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of the hollow is within 6 earth-radii from 0; nearer the earth the velocity 
is further reduced, first rapidly and then slowly (when the mass accu¬ 
mulated in the stream-front has become large). 

In this calculation of the motion of the vertex Chapman and Ferraro 


Distance in multiples v of earth^s radius a 



Fig. 4. Illustrating the retardation of the central point of the surface of the stream 
as it advanoes toM^ards the earth; va is the distance from the earth’s centre, and 
u/uo is the ratio of reduction of the speed u from its initial value u©. The different 
curves refer to streams of different kinetic-energy density 

• 

assumed that there was complete magnetic shielding in the rear of the 
stream, by the currents in the retarded layer, which is continually 
increased in mass and density by the gas pouring in from behind. It 
was essential to test whether such shielding is possible in streams of the 
kind considered. The theory does not make great demands on the 
(undisturbed) stream-density near the earth, or even on that near the 
sun, though there the density must be about 40,000 times as great 
(24.3). The low density, however, implies a long mean free path for 
the ions and electrons, and the magnetic field in the current-bearing 
layer will reduce the ordinary transverse conductivity (/cj^) of the gas 
(16.11); it is therefore necessary to examine whether in such streams the 
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conductivity is sufficient to permit shielding of the region behind the 
current-layer, in a layer of reasonable thickness. 

In the absence of a magnetic field, the conductivity k of a rare gas 
composed of equal numbers of electrons and positive ions is due almost 
wholly to the electrons, and is approximately 1*6x10“® e.m.u. for a 
temperature of 6,000®, almost independent of the number N of ions or 
electrons per c.c., over a wide range of N. A conductor having this 
value of K could shield its interior from the field of a dipole approaching 
with a normal velocity of 10® cm./sec., by currents in a layer less than 
a metre thick. In the presence, however, of a magnetic field which 
reduces the value of a:j_ to that corresponding to the (fuU) ionic conduc¬ 
tivity (10“^® for H ions), the electronic contribution to being sup¬ 
posed negligible, the corresponding layer-thickness would be about 
1*8 km. for a hydrogen-ion stream, and 73 km. for a calcium-ion stream. 
AU these values are very small compared with the dimensions of the 
stream, or even of the earth; they are small also compared with the 
mean free paths of the ions and electrons, unless N exceeds 10*. 

However, the magnetic field within a few earth-radii from the earth 
could reduce kj^ to values much smaller than 10“® or even 10“^®, 
unless N is greatly increased by the heaping up of matter in the front 
of the stream, so as to reduce the mean free path. An important ques¬ 
tion discussed by Chapman and Ferraro (in their § 9) is whether the 
temperature near the vertex of the hollow in the stream would be 
greatly raised (as in adiabatic compression) by heaping up of the gas 
there; if there is such a rise of temperature T, the rise of pressure at 
the head of the stream will be greater than if T remained at 6,000°; 
the heaping up of the gas near the vertex of the hollow would therefore 
be much retarded by the pressure gradient; but unless the density can 
rise rapidly, as the vertex approaches the earth, and as H increases, 
will be progressively reduced, and with it the current-flow near the 
stream-surface. In their original paper Chapman and Ferraro were 
unable to reach a satisfactory solution of these questions, which await 
further consideration. 

But though, at the advancing vertex of the hollow, the electrons will 
tend to ‘hook’ themselves on to the lines of magnetic force, the ions 
will be free to move on, so long as their spiral radius is stiU large com¬ 
pared with their mean free path. They will thus tend to separate 
themselves from the electrons; this will set up electrostatic forces, 
tending to hold them back; the same force, on the electrons, will tend 
to carry them onward, and prevent them from spiralling; and it will 
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produce a motion of the electrons transverse to H and along the stream- 
surface, 'which 'svill cause the electrons to contribute to the shielding 
current; indeed this current is likely to he due almost entirely to the 
electrons, on account of their small mass. Later (unpublished) ■work by 
Chapman and Ferraro seems to remove the difficulties they originally 
found in regard to electron-spiralling and the reduction of kx- It may 
also be that the front of the stream-surface is continually being renewed 
by matter from the rear, passing through the retarded shielding current- 
layer and itself supplying a ns'w contribution to this current-layer. If 
this be so, the conditions considered by Chapman and Ferraro in their 
§ 9 may not be realized. 

As yet the theoretical difficulties of the problem even of the first 
phase of the advance of the stream-surface towards the earth are, as 
Chapman and Ferraro remark, exposed rather than overcome. The 
theory is therefore as yet more qualitative than quantitative. 

If the density of the stream is such that the supposed hollow round 
the earth is really formed, and the current-sheet really does shield the 
rear of the stream from the earth’s field, then despite the distortion of 
the surface from the plane form to which Fig. 2 relates, there will be 
two foci of the current-circulations, to north and south of the plane of 
the magnetic equator, where, as at the points Q in Fig. 3, the lines of 
force of the field 'within the hollow are normal to the current-sheet. 
At these points the mechanical reaction of the field upon the current- 
sheet vanishes, so that the retarding force on the stream-surface be¬ 
comes small near these points. Thus the surface will continue to advance 
in these two regions, while being retarded elsewhere; it would seem that 
two ‘horns’ would thus protrude outwards from the surface, along 
which the stream-gas can advance ■with little or no retardation. As the 
retarded hollow surface itself advances, the position of these horns may 
change; presumably they will become closer together. The matter 
passing along these horns seems likely to find its way towards the polar 
regions. 

25.6. The main phase of a magnetic storm. The discussion in 
§ 5 suggests how the advance of a neutral ionized solar stream towards 
the earth may produce the first phase of a magnetic storm, by the forma¬ 
tion of a hollow space in the stream, enclosing the earth except on the 
night side; a current-system near the surface of the hollow might, it is 
suggested, confine the earth’s magnetic field within this space, and so 
produce the initial rise of the horizontal magnetic force that is charac¬ 
teristic of the first storm-phase. The hollow space will close up round 
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the earth, but the shrinkage will be at a diminishing rate, and may 
occupy hours if not days. The current-sheet will decay, but Chapman 
and Ferraro (in their § 10.1) suggest that this decay may be too slow 
to explain the decHne of the initial inorease in H, and that this decline 
is due to the onset of the cause of the large diminution of H that 
constitutes the main phase of the storm. 

The deductive theory of the evolution of the stream phenomena near 
the earth is far from being elaborated to the stage where it indicates 
quantitatively how the main phase is produced. All that Chapman and 
Ferraro attempted in this direction was a tentative explanation of how 
this migM come about. On this view it is a phenomenon of the stream- 
surface in the region beyond the earth, looking from the sun. 

Fig. 6 shows an equatorial section of the stream-surface of the hollow, 
seen from above the north pole. The earth’s field will produce a posi¬ 
tively charged surface layer on the wall of the hollow opposite the 
a.m. hemisphere of the earth (lowermost in Fig. 6); opposite the p.m. 
hemisphere of the earth the surface charges will be mainly electrons. 
There will be an electric field across the hollow, approximately uniform 
at the back of the earth, the lines of force being nearly parallel to the 
equatorial plane. The charges will tend to be repelled from the smfaoe 
on which they lie, and to cross to the opposite surface; they will be 
xmable, however, to leap the gap unless the spiral radius—corresponding 
to their velocity and the value of in their neighbourhood—^is com¬ 
parable with the breadth of the gap. In the earth’s field, the spiral 
radius of an electron, a hydrogen ion, and a calcium ion, having the 
speed 10® cm./sec., is equal to 3 earth-radii at radial distances from the 
earth equal to about 460, 38, and 11 earth-radii respectively. As it 
seems likely that the breadth of the cavity near the earth is only a few 
earth-radii, the electrons in this region will be unable to get across and 
may drift, mider the crossed electric and magnetic fields, towards the 
vertex. The positive charges, however, as shown in Fig. 6, will describe 
much larger spiral paths, enabling them to bridge the gap. The positive 
space charge of the ions crossing the gap may be neutralized by free 
electrons drawn from the stream ‘above and below’ the equatorial 
plane, along the lines of magnetic force; this flow of electrons will be 
in opposite directions above and below, so that its magnetic effects 
seem likely to be unimportant. It is supposed, however, that the stream 
of ions across the hollow will carry a current, which will re&ucA the 
magnetic field on the side towards the earth; this will enable the surface 
ions, nearer to the earth, to describe larger spirals, thus contributing 



868 THEORIES OF MAGNETIC STORMS AND AURORAE Chap, XXV 

to the growth of the 'bridge* stream (so called because it bridges the 
gap or hollow behind the earth); this bridge stream should steadily 
increase, perhaps until the main stream has passed onwards, owing to 
the sun*s rotation, beyond the earth. It is supposed that this current 



Fig. 6. niustrating diagrammatically, in an equatorial 
section, the sign of the electric charges on the surface of 
the hollow carved in the advancing neutral ionized stream 
by the geomagnetic iield. The curved arrows indicate the 
curved paths described, under the deflecting influence of the 
fleld, by charges which escape from the surface 

across the gap completes a cixovdt round the earth, perhaps largely by 
the motion of electrons, especially if the surface layers of the stream 
still shield the interior from the earth’s field. When the stream has 
passed beyond the earth, the current-ring thus created may be left 
behind and reduce the earth’s field over a period of days, months, or 
even years (cf. 21.8), until in some way the ring decays. 

Chapman and Ferraro discussed the equilibrium and stability of a 
current-ring, electrically neutral hut ionized, and in which the ions 
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travel with a velocity different from that of the electrons. There seems 
no difEicnlty in the continued existence of such a ring, over many days, 
if once formed; the missmg link in the theory of the maia phase of the 
storm is the quantitative xmoertainty as to the processes which could 
establish the ring. The processes of decay of the ring, and its current, 
by recombination or by escape of surface charges towards the polar 
regions, are surprisingly slow. This part of their discussion is the 
simplest and most certain, but of course its interest depends on whether 
the ring is really brought into being by the processes they tentatively 
suggested or in any other way. Their theory of the main phase of a 
magnetic storm, based on the neutral ionized stream, is at present only 
a qualitative sketch. 

25.7. Aurorae and other features of magnetic storms. The 
preceding discussion of the phenomena resulting from the approach of 
a neutral ionized stream towards the earth deals only with the initial 
and the main phases of the storm-time variations during a magnetic 
storm. Much further development of the theory is needed to test 
whether it can provide explanations of the field, and especially of 
the intense current-system (mainly ©f the S^) type) in the polar regions. 

It seems likely that much of the matter of the stream that is directed 
or nearly directed towards the earth will find its way eventually to the 
earth, and especially towards the polar regions; but the details of this 
process have not been considered. It would seem that a modified form 
of Stbrmer’s theory may be valid for particles repelled from the charged 
surface of the hollow in the stream, the theory applying only to their 
passage from this surface to the earth, instead of to the whole journey 
from the sun. 

The stream will doubtless have variations of density and speed along 
it, due to the circumstances of its emission from the sun; these inequali¬ 
ties may suffice to explain irregularities in the two main processes 
discussed previously, and thus contribute to the irregular features of the 
storm. 

It would seem natural that streams should differ from one another 
in density, speed, breadth, and length, providmg ample reasons for the 
variety of intensity and detailed development shown by magnetic 
storms and auroral displays. 

Before concluding this account of the present stage of the attempt 
to develop a corpuscular theory of magnetic storms based on a neutral 
ionized solar stream, brief mention may be made of an earlier corpuscu¬ 
lar theory of magnetic storms proposed by Chapman (in 1918, in a 
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paper devoted mainly to a discussion of the data of magnetic storms), 
^vhicli was later abandoned, on account of criticisms raised by Linde- 
mann. The theory assumed that a solar beam of particles of like charge 
enters the earth’s atmosphere (more on the p.m. than on the a.m. 
hemisphere), causing a downward motion of the conducting region; by 
dynamo action, this motion induces an eastward current round the 
earth, explaining the first phase of the storm. Due to electrostatic 
self-repulsion of the charged layer thus formed in the atmosphere, the 
downward motion is followed by an upward expansion, which induces 
a westward current, explaining the main phase of the storm. Lindemann 
showed that the stream could not approach the earth after a few 
seconds, on account of the charge rapidly acquired by the earth; he also 
renewed the objection made by Schuster against earher charged stream 
theories, that the stream would be dispersed on its journey from the 
sun by its self-repulsion. 

25.8. The ultra-violet light theory of aurorae and magnetic 
storms. In 1928 Hulburt [2] broke away from previous theories of 
the aurora by suggesting that it is caused by terrestrial iustead of solar 
corpuscles. He supposed that the terrestrial corpuscles are simply ions 
and electrons produced by solar ultra-violet light ionizing the earth’s 
outer atmosphere; that at high levels above 200 km. or so their fre¬ 
quency of collision is small, and that there will be a rapid migration of 
the ions and electrons, along the lines of the earth’s magnetic field, to 
the polar regions. There they will concentrate, move to lower levels, 
and recombine, setting free their energy of recombination in some way 
which causes the aurora. ‘Because of winds in the high atmosphere of 
the earth and of variation in the solar radiation due to sunspots, etc., 
the ion layer is probably not uniform but is a thing of shreds and patches. 
XTpon drifting to the poles the patches lengthen into streaks and being 
touched into luminosity form the auroral streamers.’ 

With reference to this theory. Chapman [3] pointed out that free 
ions and electrons in the high atmosphere in middle and low latitudes 
cannot travel far towards the poles along the earth’s lines of magnetic 
force, because these descend with increasing latitude, and guide the 
particles to lower levels where their motion is not free. Even a particle 
starting at a height of 1,000 km. above the equator will descend in 
latitude 22“; for a particle to travel polewards even as far as latitude 
60“, its height at the equator must be 18,000 km. These are simple 
consequences of the equation for a line of force of a magnetic dipole 
(r/sin®6* = const., 1 (17)). At such great heights as are reached above 
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the equator by the lines of force descending in the auroral zone, there 
is no atmosphere, and therefore no supply of particles to travel pole- 
wards. Other objections were also raised by Chapman, especially the 
objection, applicable to all light theories (24.1), based on the 27-day 
recurrence tendency. Another objection was that the earth’s magnetic 
field does not increase the energy of the particles, so that their power 
of penetrating the atmosphere will correspond merely to their velocity 
at their starting-point, increased by their loss of gravitational potential 
energy; whereas atomic particles that can penetrate to auroral levels 
must have an amount of kinetic energy corresponding to some thousands 
of volts. The loss of gravitational energy, from a height of 18,000 km., 
would supply a velocity of only 9-5 km./sec. 

The first of the above objections was boldly faced in a second theory 
of aurorae published in 1929 by Maris and Hulburt [4-6]. They sup¬ 
posed that terrestrial ions and electrons do start polewards from the 
levels of 30 to 60 thousand km. which are attained over the equator by 
those lines of geomagnetic force that descend in auroral latitudes. These 
levels are far above any that could be attained by atmospheric particles 
in consequence of their thermal velocities, even supposing, as Maris and 
Hulburt did, that T might be as high as 1,000° K. in the outer hemi¬ 
sphere. The velocity required to reach 18,000 km. is about 9*6 km./sec., 
and to reach infinity is 11'2 km./sec. Velocities between 10-0 and 10-5 
km./sec. suffice to reach heights between 40,000 and 100,000 km. above 
the earth. 

An ingenious explanation was given of the presence of ions and elec¬ 
trons at such high levels. It was supposed that neutral atoms of the 
earth’s atmosphere gain velocities of about 10 km./sec, as a result of 
collisions with other atoms or molecules, that have been either excited 
by absorption of solar ultra-violet light, or are recombining with other 
particles. The particles thus acquiring such high speeds must be neutral 
if they are to attain high levels, because ions and electrons with such 
speeds would be deflected downwards again by the earth’s field, before 
rising more than a few kilometres above their starting-point, 
t When the neutral atoms have risen to their maximum height, they 
are moving slowly; it is supposed that then they are ionized by ultra¬ 
violet light, and that the resulting ions and electrons travel along the 
lines of force to the poles, as in Hulburt’s first theory. The time taken 
for the neutral atom to rise to 40,000 km. is about 3 hours, and another 
6 to 14 hours is required before the ions and electrons return to the 
atmosphere in high latitudes. They are supposed to be carried round 
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with the lines of force so as to have the same angular velocity as the 
earth. Those ionized near noon will reach high latitudes at 9 p.m. or 
later, there to produce aurorae. 

This interesting theory avoids Chapman’s first objection to the 
original theory, but the second and third objections remain; the 
particles cannot penetrate beyond the outskirts of the atmosphere, 
below the high levels from which, ae neutral atoms, they started near 
the equator. Thus the production of aurorae, which seems to require 
particles able to penetrate to heights of 100 km. or less, is unexplained. 

This auroral theory of Maris and Hulburt was also elaborated so as 
to explain ‘practically all observed details’ of magnetic storms. These 
were supposed due to a sudden blast of ultra-violet fight, lasting perhaps 
half an hour. ‘For example, if 1/10000 part of the solar surface, which 
normally is at a temperature of 6,000°, were removed and there were 
exposed the black body radiations from regions at a temperature of 
30,000°, the total solar radiation would be increased by 6-3%‘the 
solar constant would be increased by 1%, and the ultra-violet energy 
A 600 to 1,000 A by 10®’. ‘On the whole the observations indicate a 
higher temperature of the solar volcanoes than 30,000°.’ The heating 
effect of the solar flare expands the earth’s atmosphere and produces 
large numbers of ions at heights between 1,000 and 2,000 km. These 
are supposed to form a neutral ionized belt round the earth, in which, 
owing to the action of terrestrial gravity, there is a drift-current (16.10, 
23.16-17); this current is eastwards, and to it is attributed the fitst 
phase of the storm. It covers a belt extending roughly 2,600 km. north 
and south of the equator. 

This eastward current-ring or ‘atmospheric current pulse’ is sup¬ 
posed to decay either because the solar flare dies away, or because the 
ions ‘crawl down a magnetic line to a 400 km. level’. While the ring- 
current is being set up, an opposing current is induced in the earth, 
which checks the growth of the disturbing field at the earth’s surface. 
‘When the atmospheric pulse dies away, which may require several 
hours, the earth-current finally reverses the storm field to negative 
values, which decrease to zero as the earth-current in turn dies &w&f. 
Thus the theory gives entire agreement with observation. ’ 

The earth-currents induced by the setting up of the first phase of the 
storm-time field were thus supposed to accoxmt for the main phase of 
the storm. Chapman [7] (1930) showed that this, explanation is un¬ 
tenable, because the main phase is due principally to external, not 
internal, currents. Also Chapman and Price [22.10] later proved that 
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earth-currents would increase, not decrease, the horizontal-force change 
of the first phase, and could never reverse it (this result also exposed 
an error in an earlier paper by Chapman and Whitehead [16]—see also 
[23.9]). 

The solar flare was supposed to have the further effect that the num¬ 
ber of ion pairs reaching the polar regions would, after an initial decrease, 
be largely increased. Their great concentration in high latitudes would 
produce there a diamagnetic ion cloud equivalent to a sheet magnet 
extending along latitude 67° (the auroral zone), with its south magnetic 
pole fairly well concentrated at about 200 km. above the earth’s surface, 
and with its north magnetic pole at a much greater height. The field 
of this magnet, ‘readily worked out with a pasteboard globe, plenty of 
pins and a strong geometrical imagination’, was supposed to be in 
qualitative and quantitative agreement with the facts about the Sjj, field, 
described in Chapter IX. 

Chapman showed, however, that such a magnet would produce effects 
differing in the following respects from those which are observed: 

(a) The daily variation of the horizontal force would change sign on 
crossing the zone; this agrees with Maris and Hulburt’s Fig. 4 (p. 426 
of their paper) but not with observation. 

(b) The daily variation of the vertical force would not change sign on 
crossing the zone; but actually it does change sign, in a very striking way. 

Hence he concluded that the ultra-violet light theory failed to fulfil 
its claims both as regards aurorae and magnetic storms. 

In consequence of these crioitisms Hulburt [8] revised his theory, so 
as to remove the discrepancies ‘with no change in the original assump¬ 
tions’. He recognized that earth-currents are of secondary importance, 
and no longer attributed the main phase to such currents. The main 
phase was explained as due to the heating of the high atmosphere by 
the solar flare; the air expands, and this vertical motion by dynamo 
action (as in Chapman’s first stonn-theory—^p. 870, and [9.2o]) induces 
a westward current flowing round the earth. 

This revised hypothesis of the main phase is, however, open to serious 
criticism [10]. Since this heating and dynamo action must be confimed 
almost wholly to the day hemisphere of the earth, the westward current 
and the associated decrease in the horizontal force at the earth’s surface 
would be far greater on the noon than on the midnight meridian; 
actually the decrease is approximately equal on these meridians. The 
observed magnetic effects of a solar flare confirm the view that its 
effects are experienced mainly on the sunlit hemisphere. 



874 THEORIES OF MAGNETIC STORMS AND AUKOKAE Chap. XXV 

The diamagnetic explanation of the (S^) daily magnetic changes near 
the auroral zone was also withdrawn, and in its place was substituted 
a drift-current theory (cf. 15.10 and 23.16-17). The drift currents are 
supposed intense because of the intense cloud of ions reaching the polar 
regions from low latitudes; a reconsideration of their passage to the 
auroral zone led to the conclusion that they would be most numerous 
at about 6 or 6 p.m. The drift-current along the auroral zone would 
be eastwards, and a diagram was drawn showing the return currents aS 
flowing partly within the polar cap but mainly between the auroral zone 
and the equator. But though the magnetic field of this current-system 
was regarded as being 'in entire agreement’ with the observed daily mag¬ 
netic storm variations, this view seems untenable, because the strongest 
currents along the auroral zone are westuiards, not eastwards, and attain 
their maximum after, not before, midnight (Tig. 6, p. 881, or Tigs. 9.21-6). 

Hulburt also referred to the descent of the electrons and ions reaching 
the polar regions from low latitudes. ‘They fall freely along the lilies 
of the earth’s magnetic field into the atmosphere of the auroral zones 
and continue to descend through the atmosphere by temperature diffu¬ 
sion and electro-magnetic drift.’ He concluded that the electrons form 
a bank with a maximum density at 160 km., below which they become 
attached rapidly to O 2 molecules to form 0^ ions. Below 160 km. a 
bank of positive and negative ions is formed; 10^^ ion-pairs per sq. cm. 
per sec. are supposed to move downwards across the 130-km. level with 
a velocity of 62 cm./sec. This increase of ionization during a magnetic 
storm is supposed to occur by the descent of ions from the 200-km. to 
the 110-km. level in 4 or 6 hours (loc. cit., p. 1667). Although it is said 
that ‘altogether the agreement between the theory and the details of the 
aurora seems very striking’, it is not clear how the sudden appearance 
and motions of luminosity in rayed draperies, down to 100 km. or 
below, can be explained by such slow entry of particles into the 
atmosphere. It is true that we cannot say with ce’rtainty that these 
well-kno\pi auroral phenomena are due to the sudden penetration of 
corpuscles to these levels from outside the atmosphere, but this seems 
likely and is generally assumed. The ultra-violet light theory seems to 
give no inklin g as to how the rapid auroral changes can occur. It has 
also been criticized by McNish [12] on other grounds. 

In a later review of theories of aurorae and magnetic storms (1937) 
Hulburt [9] contrasts the corpuscular and ultra-violet light theories, 
and concludes that the latter theory ‘ appears adequate to explain the 
complicated storm variations of the terrestrial magnetic field, the auroral 
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zone, the spreading of the aurora into lovr latitudes during strong storms, 
the delay of appearance of aurorae after incipience of the storm, and 
other observed facts’. The range of phenomena which the theory is 
regarded as explaining is thus wider than is described above, but further 
details are not given here because the criticisms described above seem 
to be fatal to the chief merits claimed for the theory. Mention should 
be made, however, of cometary data regarded by Maris and Hulburt 
[6] as favouring the view that the solar influence which causes auroraje 
and magnetic storms spreads outwards in a vMe angle instead of along 
a narrow stream as the corpuscular theories suppose; they admit that 
this wide-angle solar flare ‘leaves the recurrence tendency of magnetic 
storms without an explanation’, except ‘by the ad hoc assumption that 
the flare puffs out with the recurrence period, due to solar pulsations 
of some sort’. 

Hulburt also remarks that ‘all theories of the aurora are geometrical 
theories in that they merely offer mechanisms whereby energy is sup¬ 
plied to auroral regions. They make no suggestion concerning the 
manner in which the energy is transformed into auroral light.’ Since 
this was published, a theory of the detailed mechanism of production 
of the auroral and night-sky light has appeared [14.72]; for the auroral 
light it requires a source of energy of at least 19'6 volts, sufficient 
to ionize and excite molecular nitrcgen to emit the ‘negative’ bands 
that are prominent in the auroral spectrum. This hypothesis of the 
auroral-light production is consistent with the view that corpuscles 
enter the earth from outside, with speeds of at least many hundreds of 
km./sec.; but i#is not apparent how the necessary energy quanta could 
be provided by the slowly descending clouds of ion-pairs considered in 
the ultra-violet light theory of the aurora. 

In concluding this account of the two theories of magnetic storms 
which may to-day be considered as rivals in the field, it is perhaps 
appropriate to remind the reader that one author of this book is both 
the part-author of one theory and a chief critic of the other theory. In 
these circumstances, some bias in describing the theories and the 
criticisms of them can hardly be avoided; the interested reader is 
advised to read the original papers cited before concluding that either 
theory is right or wrong. He will find that the papers by Hulburt and 
Maris contain many interesting and stimulating ideas which repay 
study. Their papers offer scope for criticism partly because of the 
large number of definite claims made in them, supported by physical 
arguments and numerical calculations. 



876 THEOKIES OF MAGNETIC STORMS AND AURORAE Chap. XXV 

A considerable experience of the pitfalls which beset theorists on 
magnetic storms caused Chapman and Ferraro to try to write in a way 
that should constantly remind themselves and their readers of the tenta¬ 
tive, speculative, and only very partially successful character of their 
work; oversight, and the need for brevity, may be pleaded in regard to 
the many cases in which over-confident or over-definite statements 
appear in such papers. Indications of-the same sense of the liability to 
err may likewise be foimd in the papers by Hulburt and Maris on this 
difficult subject. 

As regards the corpuscular theory, there is certainly much need for 
closer scrutiny and criticism, as well as for serious effort towards its 
further development. 

25.9. The location of the inter-zonal D currents. The electric 
current-system illustrated in Chapter IX, Figs. 21-6, that could account 
for the main average features of the D field on an idealized earth mag¬ 
netized along its axis of rotation, was there divided into a storm-time 
part (Figs. 9.23, 24), symmetrical about the axis, and an Sj^ part (Figs, 
9.21, 22), corresponding to the disturbance-daily variation. 

The fact that it is possible to construct such current-systems, sup¬ 
posed to flow in a layer concentric with the earth, and capable of 
‘explaining’ the observed average characteristics of the D field, does 
not prove that the field is produced by such currents. It is, in principle, 
impossible to infer uniquely, purely from observations of a magnetic 
field (of external origin) at the earth’s surface, the location of the 
current-system that is responsible for the field. So long as no further 
considerations are taken into account, the problem has not only one 
but an infinity of solutions. This may be illustrated as follows. 

Imagine any current-system outside the earth, whether linear or 
distributed over a surface or througlTout a volume of any form. Observa¬ 
tion of its field at the earth’s surface enables the potential of the field 
near the surface to be determined and expressed as a series of spherical 
harmonic terms. Along any radius from the earth’s centre 0 the 
variation of the term of degree n (n 2,...) is proportional to 
This expression for the potential is valid up to the boundary of any 
sphere centred at 0, which does not intersect the external current- 
system; from it one can readily derive another expression, giving the 
current-function which describes a current-system flowing in any 
spherical sheet of radius R {B > a, a being the earth’s radius), which 
would give the same surface field. But the same surface field could also 
be produced by an infinite variety of non-spherical current-distributions 
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differing from the actual oiurent-syatem, but having a potential ex- 
pi^essed, relative to 0 and in the region near the earth’s surface, by 
the same spherical harmonic series. 

In the case of the equivalent spherical current-sheet, its radius B 
may have any value greater than a; the greater the radius, the more 
prominent will be the spherical harmonic terms of high degree n in the 
current-distribution, since their magnitudes will increase with i? pro¬ 
portionately to {Bja)'^. 

The current-distribution over a spherical sheet can easily be repre- 
• sented by a diagram using any projection of the sphere upon a plane. 
This is one method of representing the potential of the field graphically; 
it is of value in this way even if the field is produced by a non-spherical 
current-distribution. When used for this purpose, the current-distribu¬ 
tion must be drawn for a definite radius, which may conveniently be a 
itself, or some radius B differing so slightly from a that the relative 
proportions of the main harmonic terms are not seriously different from 
those corresponding to a; in that case (jR/a)” ■will be nearly unity for 
the values of n which are important. Within the range of B satisfying 
this condition, the current-system may be considered independent of 
B; of course this range is fairly small, but if the field is so simple that 
only the first thrqe or four harmonics in it are important, the range 
may be considered to include values of B differing from a by not 
more than 300 or 400 km., which is the thickness of the atmosphere 
up to and including the main known ionized layers: this is because 
the ground value of the ratio of the Jith to the first harmonic is 
increased at 400 km. by the factor (6770/6370)’*“^, and up to n = 4 
this does not exceed 1-2. 

Considerations of continuity indicate that if a field is produced by a 
current-sheet that departs from the spherical concentric form, but only 
by a moderate amount, the character of the curpent-distribution in the 
sheet can be inferred approximately from that of the spherical current- 
distribution of the same mean radius, which would give the same 
surface-field. 

In attempting to decide between the infinite number of possible 
current-systems that could produce a given field, additional ‘non¬ 
magnetic’ considerations of various kinds maly be employed. 

One of these concerns the space-distribution of electric conductivity,- 
or, what is equivalent in the case of a rare medium such as alone comes 
into question for the space surrounding the earth, the distribution of 
ionized gas. Information as to this may indicate some particular region 
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as a likely location for the current-system of a particular field, or may 
show that it is an improbable or impossible situation for that current- 
system. 

For example, the spherical current-distributions corresponding to the 
fields (S and L) of the solar (S) and lunar (L) daily magnetic variations 
are much more intense over the sunlit than over the dark hemisphere, 
and even over the latter their intensity decreases perceptibly from 
sunset to dawn (see Figs. 7.16,16 for the S current-system). Now there 
are ionized regions in the atmosphere which share these characteristics, 
and it is natural to suppose, in the absence of evidence to the contrary, 
that the S and L current-systems flow in one or other of these layers. 
The conclusion is reasonable (though provisional) despite the depen¬ 
dence of the current-system upon the distribution of electromotive 
forces as well as upon the conductivity. The conclusion will gain 
strength if it is found that the S and L fields vary in intensity through¬ 
out the year, and from year to year, and also irregularly, in unison 
with one or other of the ionized layers; in this way it may become pos¬ 
sible to associate S with a particular ionized layer, and likewise L with 
another. There is, in any case, little or no reason to doubt that the S 
and L currents flow in our atmosphere in layers which are very nearly 
spherical and concentric with the earth. 

One of the outstanding features that distinguishes the D from the S 
and L current-systems is that the D system is not more intense by day 
than by night; in the (‘interzonal’) belt between the two auroral zones 
the plane that divides the more intense from the less intense parts of 
the system passes through the sun, the currents being stronger over the 
p.m. (post meridiem) than over the a.m. hemisphere. In the auroral 
zones the order of intensity is reversed, but the dividing plane still 
passes nearly through the sun. We know of no ionized layer of the 
atmosphere in which the ionization increases from a minimum at dawn 
to a maximum at sunset, though the general theory of the daily varia¬ 
tion of atmospheric ionization suggests that the higher the layer, the 
later in the daytime should be its hour of maximum ion-content. It may 
be that above the highest known layer, the layer, there is another 
ionized layer with these properties, but of which radio observations oan 
tell us nothing, because its maximum ion-content is always less than 
that of the Fg layer; if .this be so, any radio waves that could get through 
the Fg layer to the supposed upper layer would also penetrate this layer 
and pass away from the earth, instead of returning with indications of 
the existence of the upper layer. It may therefore not be possible to 
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exclude the atmosphere as a possible situation for the iuter-zonal part 
of the D current-system. 

On the other hand, it is necessary to consider -whether these currents 
may not flow in the practically empty space above the atmosphere. 
Reasons of two hinds have prompted the suggestion that a curant- 
ring encii-cling the earth, far outside the atmosphere, is responsible for 
the decrease in the horizontal magnetic force during and after magnetic 
storms. The first reason is the high degree of regularity in the geographi¬ 
cal distribution of the average disturbing force (both in intensity and 
in direction at each station), and also the slo-wuess of the decline of this 
force, over a period of many days. Indeed Schmidt has suggested that 
the external disturbing fleld decays so slowly that it would take years 
to disappear, and that in actual fact it is always present, being reinforced 
by each new magnetic disturbance, and thereafter declining, at a 
diminishing rate, though only by a fractional amount before a new 
storm augments it again. It seems to have been thought that this port 
of the D fleld is too regular and perhaps too enduring to be produced 
by a current-system in our atmosphere. The decline of ionization in the 
atmosphere is slower, the higher the layer, but it seems likely that if 
the symmetrical inter-zonal part of the D field is caused by currents 
in the atmosphere, these must be very high up. Perhaps the Sjy part of 
the field, in the inter-zonal region, is more likely to be of atmospheric 
origin, because this seems to decay more rapidly than the symmetrical 
storm-time part. 

StOrmer (24.13) favoured the hypothesis of a ring-current round the 
earth for a different reason, namely because a difficulty in his auroral 
theory might be overcome by postulating such a current. He assigned 
a very large radius to the ring, which he placed beyond the moon’s 
orbit. He thought of the ring as not necessarily closed: it might consist 
of electrons sweeping along a considerable arc around the earth under 
the influence of the earth’s deflecting fleld. Later he ascribed an impor¬ 
tant role to this belt of electrons, in connexion -with the production of 
radio echoes of long delay. 

But the hypothesis of a ring- or stream-current at this distance from 
the earth seems to create more difficulties than it solves. The chief 
argument against it is that no such current could hold together against the 
mutual repulsion of its parts, if it is composed of charges aU of Like sign, 
as StOrmer proposed. If, however, charges of both sign are present, -the 
suggested mode of formation breaks do-wn, because the heavier ions would 
not follow the path calculated for the more easily deflected electrons. 

38(8.30 S XX 
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Chapman and Ferraro have suggested (§ 6) that a ring-current may 
be formed when a neutral ionized stream sweeps across the earth; 
while unable to prove that such a ring-current would be formed, they 
showed that, if it were formed, its radius would probably be much less 
than StOrmer supposed, being only a small multiple of the earth’s 
radius a (e.g. perhaps 5a); the current in the ring will depend on the 
relative motion of the ions and electrons in it, and would disappear if 
their velocities were equal. Collisions between them will tend to equalize 
their speeds, but a moderate difference of speed could survive, in a 
stream of the extent and density necessary to provide the required 
current, for many days. It also appears from later (unpublished) calcu¬ 
lations that though the rotation of the earth’s magnetic axis would 
cause a daily ‘wobble’ of the ring, the orbital motions of the two sets 
of charges in the ring would adjust themselves to the changing direction 
of the magnetic axis without the ring being disrupted. 

A relatively small ring such as Chapman and Ferraro considered 
would also require far less energy (§ 14) than a ring of the size suggested 
by StOrmer, and it would be free from the objection against the latter, 
that it far more than nullifies the earth’s field in the region where it is 
set up, thus destroying and reversing the forces that are supposed to 
call it into being. Stftrmer’s ring-current would indeed modify the 
earth’s field very greatly throughout an immense region of space beyond 
it, and would be likely during a magnetic storm to alter the normal 
paths of cosmic rays, and their distribution over the earth, to an extent 
far larger than the observations indicate. 

Unless it can be shown, more definitely than has yet been possible, 
that a ring-current could be set up during the impact of a neutral 
ionized stream upon the earth, or until farther supporting evidence for 
the existence of a ring is obtained (for example, on the basis of the 
cosmic-ray data during magnetic storms—cf. 14.14), the ring hypothesis 
must remain in suspense. The alternative view, that the D currents 
flow in the atmosphere, must be held open as a possibility, unless it can 
be rendered probable that there is no layer in the upper atmosphere 
with the necessary properties. In favour of the ‘ atmospheric ’ hypothesis 
of the D field in the inter-zonal region is the consideration that the 
symmetrical (storm-tune) and Sj^ parts of the D field result only from 
a convenient analysis of what appears to be a unitary phenomenon; it 
would be most satisfactory to explain both parts by a single mechanism. 
On the external-ring hypothesis, this would require the ring-current to 
be very eccentric or elliptical, b^ing much nearer to the earth on tho 
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p.m. side (at least during the intense period of the disturbance) than 
on the a.m. side; it is uncertain whether the ring could be created with, 
or could preserve, such an ellipticity. On the other hand, there seems 
no special difficulty in an atmospheric current-flow of the type indi¬ 
cated by Figs. 9.21, 22, if the appropriate conductivity and electro¬ 
motive forces are present. 

* 



Fio. 6, Illustrating diagrammatically the idealized overhead electric current-systems 
that could produce the average field of geomagnetic disturbance. A shows, in elevation 
{abovct as viewed from the sun) and in plan (below, as viewed from above the north pole), 
the part of the current-system corresponding to Sj), the solar daily disturbance variation 
field; B shows (in elevation) the part of the current-system corresponding to the storm¬ 
time variation, symmetrical about the earth’s axis; 0 shows the combined current-system 

25.10. The polar part of the D current-system. In the polar 
regions the part of the D field and of the D current-system is more 
intense than the symmetrical storm-time part; a most prominent feature 
is the concentration of currents along the auroral zones, as shown in 
Figs. 9.21-6, which are here reproduced schematically as Fig. 6. The 
case for locating the polar part of the D current-system in the atmo¬ 
sphere is much stronger than in the case of the inter-zonal part. In the 
first place, we have evidence from radio measures that during magnetic 
disturbances the ionization along the auroral zone is enhanced and 
intense at levels above 90 km. Moreover, the aurorae themselves give 
visual indication of increased ionization and excitation in the zone, 
because the ‘negative’ bands ia the auroral spectrum are due to nitrogen 
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ions. This evidence of abnormal ionization, especially along the zone, 
creates a presumption that the notable magnetic changes near the zone 
are due to currents situated in this ionized region of the atmosphere. 

Another ‘non-magnetic’ argument in favour of the existence of strong 
electric currents in»the atmosphere, along the auroral zone, is the 
a priori probability on groimds of simplicity. The D field near the zone 
is highly differentiated locally, and is explicable as due to a current far 
more concentrated than the currents responsible for the inter-zonal part 
of the D field; the height and total intensity of the zonal current can be 
calculated, from the magnetic variations at the ground, as was done by 
Birkeland and, more recently, by Groldie and by Vestine and Chapman. 
Such calculations do not prove that the local cause of the D field is a 
current so placed, and of such strength: alternative current-systems 
remain possible, but the farther their location is supposed to be from 
that calculated for the concentrated current, the more complicated 
must be their character. If placed far above the earth, they may involve 
an improbable distribution of current-bands of opposite sign. 

This can be illustrated with reference to the symmetrical part of the 
auroral-zone current, which fiows westwards all round the zone. Such 
a concentration of current in the system of Fig. 6 J5 requires the presence, 
in the spherical harmonic expression of the field potential near the 
earth’s surface, of a cluster of terms, many of them being of high degree. 
The surface potential can alternatively be attributed to a current-sheet 
of any radius JZ; if J? is taken as a-f-fe, where a is the earth’s radius and 
h the height of the supposed actual concentrated current along the 
auroral zone, the current-function must correspond to the supposed 
concentrated current; the spherical harmonic terms must then be 
additive at the latitude of this current, and must nullify one another 
elsewhere. If, however, R is taken to be much greater than a+it, the 
spherical harmonic terms of the higher degrees will gain greatly in 
relative importance, compared with the lower-order terms in the current- 
function; hence the latter may then he expected to represent a highly 
handed distribution of current round the parallels of latitude. This 
must certainly be regarded as a less probable type of current-system 
than the simple concentrated current along the auroral zone. McNish 
[9.23 a] has confirraed and developed this argument. 

The intensity of the current along the auroral zone, according to 
Fig. 6 (7, is not uniform. It increases from zero at two points A, A', which 
in Fig, 6 G are at about 2 p.m. and 10 p.m., to maxima at two points 
B, B', which are there placed at € a.m. and 6 p.m. (on the actual earth 
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these points may be displaced by a few hours). Thus, all along the 
zone, except at the maximum points B, B', current must be entering 
or leaving this zone. It is important to know whence comes this current 
and whither it goes. 

Birkeland believed that current came into the zone from outer space, 
approximately along the earth’s lines of magnetic force, and that it left 
the earth again, along the lines of force, after flowing along the zone for 
some distance. The inflow, whencesoever it comes, must be continuous 
over the portion BAB', while there must be outflow over the remaming 
part of the zone, B'A' B. Birkeland’s view would require that the closed 
circuit of any elementary tube of this current should be completed by 
a onion, somewhere outside the earth, of the farther ends of the inflow¬ 
ing and outgoing current, possibly greatly diffused and far away: only 
the nearer parts of the circuit would contribute much to the D field. 

Fig. 7 illustrates Birkeland’s ideas as to how these zonal currents 
could be provided by freely moving charges approaching and after¬ 
wards receding from the earth. They may approach along a spiral path 
of diminishing radius of curvature, as in Kg. 7 A, later spiralling away 
again; or they may come and go along paths such as Kg. 1C ox E. The 
result of bundles or sheets of rays describing such paths is shown in 
Fig. 1B at D, in which the vertical components of current-flow may be 
considered as nearly cancelling one another, leaving only a resultant 
current-flow along a horizontal line, taken by Birkeland to represent 
the auroral zone. The diagrams A-E are taken from Birkeland’s main 
memoir, p. 99. 

This system of current intake and outflow for the auroral zones may 
be contrasted with that corresponding to the spherical current-sheet 
that could also account for the observed D field. Figs. 6 A and 6(7 
represent the auroral zone as forming an intense and concentrated part 
of current-circuits, some of which are inter-zonal, while in others the 
flow is across the polar caps within the zones. Of course there are other 
possible current-systems intermediate between the spherical one and 
that envisaged by Birkeland; for example, part of the zonal currents 
might be supplied as he suggested, while the remaining part flows in 
the earth’s atmosphere, as in Kg. 6. The details of the current- 
distributions that correspond to the various theoretically possible 
situations for the current are not dear without examination; for 
example, it is not clear that a current-system of the kmd suggested 
by Birkeland, including concentrated currents in the atmosphere along 
the zone, could explain the observed D field, particularly in the centre 
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of the polar caps, without involving some improbable requirements as 
to the currents at a distance from the earth. We may imagine the 
current-sheets of Pig. 6 0 gradually distorted so that while their con¬ 
centrated zonal currents remain in situ, the two polar sheets, or the 
inter-zonal sheets, or all three of these current-sheets, are moved out¬ 
wards, each polar-cap sheet being stretched upwards over the diameter 



Pig, 7. Illustrating diagrammatically the current-system proposed 
by K. Birkeland to account for the geomagnetic disturbance field in 
high latitudes. A shows the path of a charged particle spiralling 
downwards from outer space towards the auroral zone, and sub¬ 
sequently upwards away from the auroral zone into outer space. B 
and D show bundles of such paths, of different types, C and E, simpli¬ 
fied by omitting the superposed spiral motions; the bundles of paths 
are approxmaately equivalent to a downward current at one end, 
which turns horizontally along the base of the paths, and then 
turns upwards again and flows away from the earth. JF and O show, 
in elevation and plan respectively (as in Fig. 6,4), such downward 
and upward currents, which are connected by horizontal currents 
along each half of the auroral zone 

BB' so as to form two sheets, with downward inflow over the part 
BB'A, and upward outflow over B'A'B. It seems likely that the 
current-distribution in these sheets would have to be somewhat singular 
in order to yield the smooth distribution of the D field that appears to 
exist near the centre of the polar caps. On the ground of a ^priori 
probability of simplicity, therefore, the spherical current-sheet distribu¬ 
tion over the polar cap seems preferable to the Birkeland theory. 
Vestine and Chapman [9.20] have enforced this conclusion by actual 
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o&lculation of the magnetic field of a linear current-system, chosen as 
giving a rough representation of Birkeland’s h 3 ^othesis, namely, a 
linear current descending vertically from an infinite height down to the 
auroral zone, on the noon meridian, then dividing equally to right and. 
left to fiow along the auroral zone (as in Pig. 7, F, Q), and fiowing 
vertically upwards again, to infinity, firom the point on the midnight 
meridian where the two parts of the auroral-zone current reunite. They 
find that such a system would not give so strong or so uniform a field, 
near the centre of the auroral zone, as is observed. 

Another important argument against the Birkeland hypothesis of 
the supply and outfiow of the zonal currents is the diflficulty in account¬ 
ing for the existence and maintenance of strong free currents in the 
empty space around the earth. Hence it seems most reasonable to 
believe in the existence, at some level in the earth’s atmosphere, prob¬ 
ably between 100 and 300 km. height, of a polar cTurent-system of the 
type represented in Figs. 6 or 9.21-6; it is only doubtful whether the 
inter-zonal part of these current-systems is in or beyond the atmosphere. 

As has been indicated in § 8, Hulburt and Maris suggested that the 
D field near the auroral zone was due to diamagnetism of the strongly 


ionized atmosphere there; later, when it was shown that the field could 
not thus be accounted for, Hulburt suggested that an easterly electro¬ 
magnetic drift-current along the auroral zone was the cause of the D 
field there. This explanation is likewise inappropriate, because the 
strongest part of the auroral concentrated current is westerly, uot 
easterly (Figs. 9.25, 26). In view of the fact that in different parts of 
the zone the current has opposite geographical directions, it is dear 
that no general theory, like those of diamagnetism or drift currents, 
which predict magnetic effects of a definite sign, can account for the 
observed field. Chapman and Ferraro offered no explanation of the 
polar current-system in their theory of magnetic storms; the only 
bearing of their theory on this question is that it seems able to explam 
the guidance of a considerable amount of the neutral ionized gas to\^ 
the polar regions, and so to account for the abnormal ionization tb^ 
but the details of the motion, which must bear closely on a modified 
theory of the aurora (not improbably incorporating many features of 
StOrmer’s theory), have not yet been considered. 

Another hypoiesis as to the cause of the polar cu^nt-system is 
due to Chapman, who in 1927 [9.2c] suggested that the currents are 
caused by the dynamo action of a horizontal drift of ^ 
polar regions at high levels. The drift was supposed to be parallel to 
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the plane of the twilight circle, .perpendicular to the line joining the 
centres Og, Og of the earth and^sun. If the air-flow is from the a.m. to 
the p.m. hemisphere, as Chapman suggested, the induced electromotive 
force will be in the direction 0^0^; if the flow is from the p.m. to the 
a.m. hemisphere, the e.m.f. wiU be in the opposite direction 0^0^. The 
currents along the auroral zone, at the points in the twilight plane 
where the current-strength is greatest, are in the direction Og Og, in both 
the a.m. and p.m. hemispheres; the sheet currents across the polar caps 
are in the opposite direction OgOg. 

If the polar current-system is caused by the proposed dynamo action, 
it would seem that the current-flow must take place counter to the 
direction of the induced e.m.f. in one or other of the two parts of the 
system, that is, either in the zone, or over the polar cap enclosed by 
the zone. A similar opposition of the current-flow and the e.m.f. occurs 
in the current-system (23.11, 13) near the equator. It is not easy to 
see, without mathematical examination, what will be the direction of 
current-flow over the polar cap and along the auroral zone, due to 
the distribution of e.m.f. set up by the suggested drift of air across the 
polar regions. The earth’s vertical magnetic force is greatest in the 
centre of the auroral zone, so that the e.m.f. induced there, by a given 
speed of air-flow, wiU he greater than in the zone itself. It is perhaps 
likely that the induced e.m.f. over the polar cap will be the main factor, 
and wiU impel currents in its own direction across the cap, and that 
these currents will complete their circuit by flow along the much more 
highly conducting auroral zone, in the direction opposite to that of the 
e.m.f. induced in the zone itself. If this be so, the air-drift must be 
from the p.m. to the a.m. hemisphere. 

There is need for theoretical treatment of this problem, in which it 
may be necessary to consider the return path of the air-flow itself; this 
return flow may take place at an upper or lower level, in the direction 
opposite to that of the flow which induced the e.m.f., but in a less 
conducting region (otherwise an opposing system of electric currents 
would be set up); but in view of the vertical stabihty of the atmosphere, 
and the resistance to interchange of air at different levels, it seems more 
likely that the circuital air-flow is at more or less the same level through¬ 
out. In that case the air-flow across the polar cap, say from the p.m, 
to the a.m. hemisphere, must be completed by flow in lower latitudes, 
paraUel to the equator, easterly over the day hemisphere, and westerly 
over the night hemisphere. At present this suggested circulation of au 
across the poles is purely hypothetical. 
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25.11. The irregular features of magnetic disturbance, D^. 

Since progress in explaining the regular features of magnetic disturbance 
has proved so difficult, it is not surprising that little attempt has been 
made to account for the irregular features. So far as concerns the polar 
part of the D field, where the irregul^ fluctuations are specially intense, 
it is natural to suppose that many of the rapid changes in the field are 
due to sudden local alterations in the distribution of the average 
current-system of Figs. 9.26, 26, itself perhaps due to a fairly regular 
distribution of e.m.f. induced by a steady air-flow across the polar 
regions. Such sudden local changes in the current-distribution would 
be likely to occur if the distribution of ionization undergoes rapid 
irregular variations, which seems quite probable in view of the quick 
changes in the position and intensity of the aurora. These shifts in 
the luminosity presumably betoken variations in the incidence of the 
incoming solar particles, and of the ionization which their entry pro¬ 


duces in the atmosphere. 

The general polar current-distribution would seem likely to be most 
unstable where its direction and intensity change most rapidly firom 
point to point; this is specially the case near the points B, B' (Fig. 60) 
on the auroral zone, where the current-intensity is at its ma ximum , for 
there, on passing laterally away from the zone, either north or south, 
the current-intensity is reversed. It is therefore in those regions 
that temporary shifts in the areas of intense auroral precipitation 
and ionization would seem most likely to cause sudden large local 
changes in the current-distribution, without altering the large-scale 


pattern of the current-system. 

These points of maximum current-intensity along the zone are shown 
in the idealized Fig. 6 as situated on the 6 a.m. and 6 p.m. mend^, 
but in reality the maximum eastward current seems to occur later than 
6 p.m., especially during active disturbance, when the maxmum is 
at Led not mud. boto midniglit. (TOb and 
gymmetrical idoaliaod onirent-syatem proposed by C^pmm 
indied by Vestine [9.39], who showed that 

e p.">. -d -dnight.dns to irregular slnft. m the pre- 
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cipitation of the solar corpuscles. Over the polar cap -within the auroral 
zone, on the other hand, the irregular fluctuations, according to Stagg, 
are most frequent between 6 a.m. and noon; this may perhaps indicate 
that the solar particles which enter the atmosphere near the auroral 
zone between these meridians are liable to deviate patchily to the north 
rather than to the south of their mean position. Except in midwinter 
the sunlight precludes visible indication of the entry of solar particles 
between these meridians. 

As regards the irregular magnetic changes between the auroral zones, 
the explanation must depend greatly upon whether the inter-zonal part 
of the average D current-system is situated in or outside the atmosphere. 
If the cmrents are atmospheric, irregular changes in their distribution 
might be attributed to variations in the distribution of ionization, as 
in the case of the polar part of the current-system. If, however, the 
currents are external, the irregular magnetic fluctuations must be sup¬ 
posed due to rapid changes in the intensity and position of these 
currents, perhaps arising from variations in the density or speed of the 
solar stream, which presumably pours onward towards the earth 
throughout most of the duration of the storm. 

25.12. Magnetic potential energy and field energy. Any per¬ 
manently magnetized body may be regarded as possessing magnetic 
potential energy corresponding to the work required to aggregate the 
small magnetic dipoles of which it is composed from a state of infinite 
dispersion. This energy is of amount 

where I denotes the intensity of magnetization, H the magnetic field 
intensity (= —gradF), and the suffix p indicates that the integration 
extends throughout the volume of the permanently magnetized body or 
bodies; the magnetic field H is supposed due solely to these bodies. 

The expression (1) is also valid if the field is partly due to magnetized 
bodies whose magnetization is not permanent but induced, provided 
that the induced magnetization (Zj, say) is proportional to the inducing 
field. The volume integration in (1) is not.to extend over these regions 
of induced magnetization. 

By means of Green’s theorem the expression (1) for W may be trans¬ 
formed to , - , 

W=~\E^dv+±jBHdvt, ( 2 ) 

where the second integral extends throughout the regions of induced 
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magnetization (indicated by the suffix i), and the first integral extends 
throughout all the rest of space, including the volume occupied by 
permanent magnetization. Another alternative form of W (obtained by 
substituting lf+47r7 for B in (2)) is 

A 

(3) 


w 




liEdv, 


wherein the first integral extends throughout the whole of space, and 
the second throughout the regions of induced magnetization. The 
second term may be regarded as due to a volume-density of iIiB[ of 
potential energy of induced magnetization; the first term corresponds 
to a distribution of field energy of density If is measured in 

e.g.s. units, the energy density is expressed in ergs per c.c. 


The integral 


-f 

Sir J 




(4) 


throughout the volume contained within any closed surface 8, and 
including no magnetized matter, can be transformed by Green’s theorem 
into the surface integral ^ ^ 

Stt J 

over the boundary, the surface element dS having the direction of the 
normal drawn outwards from the volume of integration. T^ trans¬ 
formation is valid also if the volume includes a region of nmSorm. 
magnetization, whether permanent or induced. Similarly, for ^y ryra 
enclosing any kind of magnetization, permanent or mduced, uniform 

or not, jB-Hdv = -jVB>dS. (®) 

A sphere of radius o, uniformly and permanently ma^etized with 
intensity I, has a moment M = |vJa», and imide the sphere 

H = |irl = -Sif/®®- 

The magnetic potential ^ 

ttejr - moot maaa, 

Stated by meai of (si, togete account for the whole potent, 

energy ig regarded as being 

The ,^ettaed thringhout ita whole eotame 

ferorprd^,:,:rh=r« 
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ergs, and therefore immensely greater than the magnetic energy calcu¬ 
lated on the present hypotheses. 

If the earth’s magnetic field were due to permanent uniform magneti¬ 
zation within a smaller concentric sphere of radius a', the potential 
energy would be or {aja'Y times the value just cited. The same 

would be true if the magnetic field were due to a thin spherical electric 
current-sheet of radius a', because the field H inside and outside such 
a sheet is the same as for the uniformly magnetized sphere of the same 
radius. 

If part of the earth’s field were due to permanent magnetization or 
electric currents, and part to induced magnetization set up in magnetic¬ 
ally permeable regions by the field of the permanent magnetization 
or of the currents, these calculations of the magnetic potential energy 
would need to be modified. It seems hardly worth while, however, to 
discuss this possibility, since so far as present evidence goes, the magnetic 
permeability ju, of the earth seems to differ little from unity, except in 
local magnetic deposits of relatively small volume. Hence in later 
discussions of geomagnetic energy we shall suppose that ft may be taken 
as everywhere unity, so that = 0, and except in permanent magnetic 
matter B = H. 

25.13. The energy of superposed magnetic fields. Suppose 
that there is superposed on the normal or main geomagnetic field F an 
additional variation field AF (not necessarily small) due to external 
electric currents and, maybe, also to associated induced earth-currents. 
At any point the normal magnetic intensity H will be changed to 
H+AH, and therefore the normal energy density of the field will 

be changed by the amount 

(7) 

or (8) 

The first term here is the energy density that would correspond to the 
sole presence of the additional field AF, the normal field F being absent; 
hence (AH)2/87r may be called the self-energy density of the added field, 
and its integral throughout aH space will be the total self-energy S 
of this field. 

The second term in (8) is due to the joint presence of the two fields 
F and AF, and it may therefore be termed the joint-energy density^ the 
integral of which is the joint energy J of the two fields. The volume 
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integral of ff*Ai]r/47r throughout any region can be transformed by 
Green’s theorem to one or other of the surface integrals 

^VH^dS or (l/47r) ^ FAH-d5 (9) 

over the boundary, where AF denotes the potential of the field AF. 
This expression implies that the field AF has a potential AF; this is 
not the case for a region in which there is a volume-distribution of 
current-flow. If the current-flow can be supposed confined to thin 
current-sheets, these may be supposed excluded from the volume of 
integration by surfaces closely bordering each sheet on both sides; 
these bordering surfaces must be treated as parts of the boundary of 
the volume of integration. 

If the field AF is due to currents which may be regarded as flowing 
in thin spherical sheets concentric with the earth, or along thin tubes 
lying on such concentric spheres, the potential AF, like that of the 
normal field, can be conveniently expressed in spherical harmonic 
form. In a region free from currents, between two such concentric 
current-sheets (the current not necessarily covering the whole of each 
sphere), the potential AF of the field AF will include terms of both 
internal sind external origin, such as 

The potential F of the earth’s field will likewise consist of terms such 
as 

the coefficients are small if the region considered is external to the 
earth. In calculating the self- or joint energy between two spheres, 
of radii a^, say, the normal to the boundaries is everywhere radial, 
so that H'dS = 'i:{^VIdr)dS; and the joint-energy integral becomes 

(Wj- J AF^<JS+ I 

(Oi) (fll) 

where the first integral is taken over the outer sphere (a^ > ^i) and the 
second over the inner one. Similarly, the self-energy integral would 
in this case be 



In these integrals the radial differentiation of F (or AF) does not affect 
the surface harmonic function Sf. Hence, by the orthogonal property 
of surface harmonic functions, no contribution is made to the values 
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of the siirface integrals by the parts of V and AF (or of AF and AF, 
in the self-energy integral) arising from the product of dissimilar 
harmonics. Consequently, the self-energy is the sum of the self-energies 
of the separate harmonic components of AF. Similarly, in the joint- 
energy integral the only terms that require evaluation are those result¬ 
ing from like surface harmonics existing in the potentials F and AF. 

25.14. The field-energy changes during naagnetic storms [13, 
14]. In estimating the field-energy changes during magnetic storms 
an essential fact is that the permanent field F is everywhere far more 
intense than the variation field AF, so that in general the joint-energy 
density ff*AH/47T greatly exceeds the self-energy density (Ajff)78w. 
The latter, however, is essentially positive (or zero), whereas the former 
may be either positive, zero, or negative. 

During the main phase of a magnetic storm, the potential of the 
field AF near the earth’s surface includes a principal term proportional 
to the zonal harmonic Pj^, corresponding to the storm-time decrease of 
horizontal magnetic force, and mainly of external origin; there are also 
terms in S^, tSJ, representing the field between the auroral zones, and 
a large number of harmonics of much higher degree, representing the 
polar disturbance field and the irregular features of the storm field. In 
calculating the joint energy of the fields F and AF, each of these harmonics 
in AF must be associated with the corresponding harmonic in F. The 
main harmonic in F is Pi> corresponding to uniform magnetization 
parallel to the earth’s geographical axis; in addition there are other 
less important harmonics, especially PJ (corresponding to the trans¬ 
verse component of magnetization). Clearly the only like harmonics 
which are prominent in both F and AF are the terms occurring in each. 
Any other correspondence which may chance to exist will be between 
minor and relatively insignificant components, whereas P^ is the chief 
single harmonic in both F and AF. It therefore appears that this is the 
only term that needs to be considered in evaluating the joint energy. 

This will be calculated first of all on the assumption that the field 
F is due to a uniform magnetization throughout the whole earth or, 
what is equivalent, to an electric current-sheet at the earth’s surface; 
the field AF will hkewdse for the present be attributed to a concentric- 
spherical current-sheet of radius 6 (> a), the part of AF due to induced 
earth-currents being ignored. The Pjl or cos 6 term in V is therefore 

—Eq a® cos djr^ (r > a), ^ 

E^rcosO / 


( 10 ) 
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where denotes the surfaoe equatorial value {Mja^) of the horizontal 
intensity, of magnitude 0*3 approximately. The term in AF is like- 

^ 1 ®® ^ TJ a / t \ 

BHaraoBd (r<b),\ 

•—SjETo 6® cos 6/r^ (r > 6), j 

where BHq denotes the (positive) numerical value of the equatorial 
horizontal intensity of the AF field at the radius b or at any smaller 
radius, since the field AF is uniform inside the sphere 6; the AF field 
diminishes H at the equator. 

In illustrative calculations we may take 8Hq to be 100 y or 0-001 c.g.s. 
for an active magnetic storm. 

The total joint energy of the field outside the sphere b is found, by 
integrating F(0AF/5r) over the outer surface of this sphere (cf. (9)), to be 

27r 

1 p cos e\ksHo ^ cos ej doosB = f 085 ;, BHo. (12) 

0 0 

This is positive and, somewhat onriously, is independent of b. 

The total joint energy within the sphere a is similarly foimd to be 

ia^HoBHo. (13) 

The total joint energy in the space between the spheres a and b may 
be calculated by means of surface integrals over these spheres; these 
surface integrals are found to be equal in magnitude and opposite in 
sign, so that there is no net change of field energy in this region. It is 
curious and interesting that this is so in the region where alone we can 
directly measure the field. The joint-energy density is positive in high 
latitudes, and negative in lower latitudes, as illustrated in Fig. 8. 

The total joint energy J, therefore, during the main phase of a 
magnetic storm, is positive and of amount 

(14) 


J = 


o> 


according to the above simplifying hypotheses. This may also be 

which is a fraction 2BHqIE^ of the magnetic potential energy of the main 
field. If = 0-001, and Hg = 0-3, the change of energy is f per cent., 
or about 8x lO*® ergs. 

We next consider how this estimate is affected by modifying the 
hypotheses on which it is based. Suppose first that the magnetic field 
F is due to uniform magnetization throughout a sphere of radius a' 
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instead of a (or to an electric current-sheet of this radius), where a' < a. 
Then if jBTq is the equatorial surface value of the field F at the radius a\ 

= (15) 

In the present case the calculated joint energy is SjHq, which by 

North Pole 



South Pole 


Fig. 8. Illustrating diagrammatioally the lines of magnetic force of the earth’s main field 
(the heavy broken lines) and of the storm-time component of the field of geomagnetic 
disturbance (the thin broken lines). The latter is supposed due to an overhead electric 
current-system flowing in a layer concentric with the earth; the concentrated currents 
along the auroral zone (Fig. 6jB) are here supposed smoothed out. The lines of force 
within the earth are hypothetical and uncertain. Outside the atmospheric current-sheet 
and within the earth, the two fields reinforce one another; between the earth and the 
current-sheet, they reinforce one another near the poles, but near the equator they are 

opposed 

virtue of (16) is identical with (14). Hence (14) is unlikely to depend on 
the precise region within which the main geomagnetic field F originates. 

We next consider how the joint energy is affected by the fact that 
part of the field AF is due to electric currents induced within the earth 
by the variation of the primary, external part of AF. Let 
denote the parts of the observed diminution (SHq) of the equatorial 
horizontal intensity at the earth’s surface, which are respectively of 
outer and inner origin. The potential AF will' include terms corre¬ 
sponding to (11), in which, however, must be replaced by 
in addition there wiU be terms 

cos 6/r^ (r > a "), ^ 

8,. ’Ho(o®/a''*)r cos d (r < a") , 1 


( 16 ) 
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due to the induced currents, if these are supposed, for simplicity, to 
be concentrated in a thin sheet of radius a'' (< a). 

In the expression (9) for the joint energy AF occurs linearly, so that 
the parts of this energy associated with 8^ and 8^ Hq can he calculated 
separately. The former, found as before, is the value of the 

remaining part depends on whether a', the radius of the source of the 
field F, or a", the radius of the source of the field A^F, is the greater. 
If a' > a", the joint energy depending on 8^ is — 
if a" > a', it is —Hq the value in either case being negative. 

The magnitude of a" is approximately known (Ch. XXII), and may be 
taken to be roughly 0*9a; it seems perhaps most likely that a" > a\ 
and assuming this, the joint energy depending on will be approxi¬ 
mately — l-Sa^iToS^ Hq. Hence the total joint energy is 

a3Ho(8,J3o-l-38,Ho). 

The ratio of 8^ to depends on the rate of time-variation of the 
field AF, but it will not be far wrong to take or 

Hence the joint energy is estimated as 0-4a^lIf^BHQf which is rather less 
than half the value calculated without allowing for the induced part 
of the field AF; taking BHq as 100 y, as before, the joint energy / is 
approximately 3x lO^^ ergs. 

This estimate is further reduced if the Pi part of the AF field is due 
to a ring-current instead of to a spherical sheet-current. This will be 
illustrated by supposing that the ring-current is a current of radius JJ 
(several times as large as a) in the equatorial plane of the earth, and 
that its cross-section is circular, of radius c small compared with JR, 

The potential of a strictly linear circular current i of radius B, 
expressed in terms of spherical polar coordinates r, 6 relative to the 
earth’s centre and axis, is 


for r < jR, and 


“ i (-'»*** 

»i«*o 




(18) 


for r>B. The only term in (17) or (18) which is of importance in 
association with the term in F is Fi, or 

—27rt(r/P)Pi, where r < B, 
and tn^BIryPx, where r > B. 


} 


(19) 
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The value of i may be expressed in terms of the magnetic field of the 
ring at its centre (the centre of the earth), namely 27 ri/J 2 , so that 

i = ‘ (20) 

if we ignore the small difference between this central magnetic intensity 
and ZoEq, the intensity at the earth’s surface; this is legitimate if B 
is several times as large as a, as Chapman and Terraro suggested in 
their theory of magnetic storms. 

Consequently the significant term in (the part of AF of external 
origin) is where r<i?, | 

and where r > B. } 

This agrees with (11), where r <.B (since P^ = cos0), but is only half 
as great where r "> B. Hence the part of J due to A^F in space outside 
a sphere of radius B is now to be halved, being therefore of amount 
the whole contribution of A^Fto J is therefore |a®f?’o8aP'o, 
two-thirds the former value. Hence, since the contribution of A^F is 

unaffected, j ^ a^HS^^E^-l-SSiEo). (22) 

Taking S^Eq and as |8Po and JSPo* as before, we find that 

J = 0-2a®PoSPo (23) 

or, if 8Eq = 100 y, J = 1-6 x 10®® ergs. 

The self-energy S of the AF field will next be considered. If the field 
be supposed purely of the Pj type, and due to a spherical current-sheet 
of radius b, and if the induced part of the field be neglected, it is readily 
found that ^ ^ ib<^(BEo)K (24) 

If, however, the outer field is due not to a spherical current-sheet but 
to a circular ring-current of radius B and cross-sectional radius c, then 
its self-energy is where, if c/B is small, Z, the coefficient of self- 
induction of the ring, is approximately 

477r{loge(8P/c)—7/4}, 

andi = P8fl;,/277. Hence jS=fB^(8Eo)^ (26) 

where f = (l/2^){log,(8B/c)-7/4}. (26) 

If the induced part of AF is taken into account, 8PJ, must be replaced 
by SoPj, in the above alternative estimates of S, which must also be 
modified by an additional term, which is either 

ma''>)(S,Eo)^-a^(S,Eo)(8,Eo) (27) 

corresponding to (24), or 

i(aya''^)(8,E„y-M8,Eo)(8,Eo) 


(28) 
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coiresponding to (26). In addition, 8 will include a contribution from 
the polar and irregular parts of the disturbance field, but this is insigm- 
ficant compared with the contributions already considered, because 
these fields are so much less extended in space than the component. 

The value of 8 depends very much on the estimate of b or It, If 
AF is due to an atmospheric current-sheet, b will be only a few hundred 
kilometres greater than a, and then 8 is very much smaller than J; 
J6»(Soiro)® (2'7) are together equal to about Ja8(Sflo)2, or 7x10“ 
ergs if = 100 y. This is only about 1/400 of the corresponding 
estimate of J. 

If, however, the main part of the AF field is due to a ring-current of 
radius J2 several times that of the earth, the influence of the induced 
currents on 8, expressed by (28), is unimportant, and approximately 
8 = or about In this case 


8IJ 


2 a? J3o’ 


Taking = 100 y, R = 6a, and / = 1 (/ does not vary rapidly as 
Bfc changes, being 0-3 and 1-1 when B[c is 3 and 1,000 respectively) 
we have 81J =1. If had the much larger value suggested by 
StOrmer, 8 would be much greater than J. It seems likely, however, 
in view of the previous discussion, that at most is of the same order 
of magnitude as J, and that the whole excess energy during a magnetic 
storm of the magnitude == lOOy is of order lO^® ergs, or about 
O'l per cent, of the magnetic potential energy of the earth as estimated 
in § 12. 

In § 6 an estimate was made, in a quite different way, of the excess 
magnetic energy during the first phase of a magnetic storm, and this 
also was found to be of order 10*® ergSj though its space distribution 
differs from that during the main phase. Since the first phase is set up 
in only a fraction (of order 1/6) of the time taken for the main phase to 
reach its maximum epoch, the rate of increase in the magnetic energy 
of the field is probably greater during the first than during the second 
phase. This rate is of order 10^® ergs/sec., which ife very small compared 
with the rate at which energy of solar radiation falls upon the earth, 
namely 2x10*^ ergs/seo. According to the theory of Chapman and 
Terraro, the magnetic energy of a magnetic storm is derived from the 
kinetic energy of the particles of the solar stream, though probably 
only a very small fraction of the kinetic energy is converted into 
magnetic energy. 



XXVI 

HISTORICAL NOTES 


No comprehensive History of Geomagnetic Discovery has yet been 
written. In the present treatise on geomagnetism limitations of space 
forbid the inclusion of even a brief systematic history of the subject, 
but we have thought that our readers would welcome a few historical 
notes. Those referring to the earlier periods of discovery are based 
mainly on two historical articles by A. Crichton Mitchell [1], who 
consulted the original sources. His initials (A.C.M.) will indicate quota¬ 
tions from these articles, which are provided with ample bibliographical 
references. 

26.1. The directive property of a magnet in the earth’s field. 
[A.C.M.] ‘By whom, at what date, and in what form, this was first 
recognized is now unknown, for the discovery was made in times long 
before the maintenance of careful scientific record. The investigation 
of this question has given rise to an extensive literature, but has led 
to few conclusions of a definite kind.... The matter practically resolves 
itself into an inquiry as to the origin or invention of the mariner’s 
compass, and to the honour of this discovery several claims have been 
advanced. 

‘The claim which goes furthest back in history is that made on behalf 

of the Chinese -In general terms it may'be stated as follows. The 

ancient annals of the Chinese Empire contain passages which can only 
be construed as meaning that the directive property of a magnet in the 
Earth’s field was known in China several thousand years ago; that in 
later ages there follows a succession of references indicating a constant 
tradition on the subject; that these gradually merge into others which 
mention the compass in its earliest form j and thus we reach the seventh 
or eighth century a.d., when this primitive instrument was employed 
for surveying and navigation. It is thus contended that the compass is 
an adaptation in later times of a principle known to the Chinese for 
the last 4,500 years. 

In examining the evidence in support of this claim, we have to 
distinguish between that which depends chiefly upon the mythological 

history of China and that which is gathered from the literature of more 
recent times. 

‘With regard to the former, it is stated that in 2634 b.o. the Chinese 
emperor Hoang-Ti was at war with a tributary prince named Tchi- 
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Yeou, and that they fought a great battle in the plaiii of Tcho-luo. 

In order to escape defeat, or its consequences, Tohi-Yeou raised a dense 
fog which produced disorder in the imperial army—an anticipation 
of the smoke-screen of modem times. But Hoang-Ti constructed a 
chariot upon which stood the diminutive figure of a man with arm 
outstretched, and this figure being apparently free to revolve on its 
vertical axis, the arm always pointed to the south. By this means, the 
emperor was able to locate the direction of his enemy’s retreat; Tchi- 
Yeou was captured and put to death. By the earliest European com¬ 
mentators on the Chinese annals—^the Jesuit missionaries who wefit 
to China during the latter part of the seventeenth century—^it was at 
once inferred that the movable figure was actuated by a magnet, and 
this inference forms the basis of the daim now under consideration.... 

‘The Chinese claim to priority, advanced on the story of the south¬ 
pointing Chariot, has had its defenders, but is now generally rejected.’ 
Crichton Mitchell gives reasons why this rejection appears to be fully 
justified. He contends that it is safe to hold that the earliest reliable 
evidence of Chinese knowledge of the magnet pointing north or south 
dates late in the eleventh century: the encyclopaedist Shon-Kua (a.d. 
1030-93) says that ‘fortune tellers ruh the point of a needle with the 
stone of the magnet in order to make it properly indicate the south’. 

After a thorough discussion Crichton Mitchell also discards cl aims 
ascribing the knowledge of the compass to the ancient Egyptians, to 
Solomon, King of Israel, knd to the Phoenicians. 

As to the Greeks and Latins, he writes: 

‘The literature of dassioal antiquity contains many references to the 
attractive quality of the lodestone, but it is now certain that it reveals 
no knowledge of the polarity of the magnet, or of its directfre property 
in the Earth’s field. In every case in which a claim of the kind has been 
made, it can be shown that the interpretation put upon the passage is 
a forced one.’ 

The ‘earliest mention in European literature of the polarity of the 
magnet, of its direotive property, and of the application of that property 
to the art of navigation’, which he considers to be ‘perfectly definite 
and well-authenticated’, is described by him as foUows: 

‘ A^Av«.T 1 r^ftr Neckam, monk of St. Albans, who was bom in 1167 
and died in 1217, wrote two treatises, De UtensiUbua and De Benm 
Naiuris. The dates of their composition are not known exactly, but 
may with safety be assigned to the last quarter of the twelfth century, 
possibly not much later than 1187. In the first he describes the use of 
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the magnetic needle to indicate the north, and states that mariners 
employ this means of finding their course when the sky is clouded so 
as to obscure sun or stars. In the second, he describes the needle as 
being placed on a pivot, and it is to be noted that this form of the early 
compass is generally understood to have been the second stage in its 
evolution. In neither treatise does Neckam represent the instrument 
as a novelty, but as one in common use. 

"Almost contemporaneous with, but certainly later than, Neckam 
we have the extensively quoted poem, ‘La Bible’, of Guyot de Provins. 
life date can be fixed as being later than 1204 and not later than 1209, 
most probably 1206. It describes a floating compass in use by navi¬ 
gators, and hence does not include the developed form described by 
Neckam. But it must be remembered that Guyot was a poet, and that 
he only introduced the compass as illustrative to his theme, whereas 
Neckam wrote for the instruction of others and had, therefore, to be 
more strictly accurate in technical detail.,.. 

‘The first attempt, on really scientific lines, at any systematic descrip¬ 
tion of the property of the magnet was that contained in a letter written 
in 1269 by Petrus Peregrinus, and addressed to Sigerius de Poucancourt. 
Por the full examination of all matters connected with this letter, we 
are indebted to the researches of Bertelh [2], The author explained 
how the position of the poles in a spherical mass of lodestone may be 
determined and showed how they could be distinguished. He suggested 
or effected several improvements in the nautical compass, and devised 
the first form of azimuth-compass. That his letter is, for its time, 
a wonderful production there can be no manner of doubt. But there 
has been a tendency among some writers to overrate his influence, and 
the statement that he was the first to introduce the pivoted needle is 
erroneous.... 

‘Soon after Guyot wrote his poem, Cardinal de Vitry published, in 
1218, a description of Palestine in which he speaks of the compass as a 
necessary aid to navigation, having seen it in use in 1204. 

Among the many statements made with regard to the origin of the 
^mpass, none has attained wider currency than that which attributes 
its discovery in 1302 to Plavio Gioja, a native of Amalfi, a small seaport 
m southern Italy. The history of the legend—^for such it is, in spite of 
its being . . . quoted as genuine in a serious history of science of recent 
date h interesting, if for no other reason than that it provided the 

occasion for the important historical researches of Bertelli [2], 

With regard to this claim of Gioja—apart altogether from what has 
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been stated above—^it need only be said that the year to which it is 
assigned, 1302, is at least a century later than Keckam’s description 
of the compass.... 

^Voltaire said that the first use of the compass was by the jEngliah 
during the reign of Edward HI (1327-77), but he gave no authority 
for his statement. That it was then in use can, however, be proved. 
Nicholas cited instances from official records showing that, in 1338 
and 1346, certain ships of the British Navy were supplied with “sailing 
and dial”, as the compass was then termed. In one case they 
were purchased in Holland. This is the earliest record of the actual 
use of the compass in a given ship. Oapmany reported that while the 
compass is not mentioned in the inventory of a ship fitted out at Barce¬ 
lona in 1331, nor in similar lists for the galleys of Don Pedro IV of 
Aragon in 1364, it is mentioned in the chronicle of Don Pedro Nino 
xmder 1403, and m the galley inventories of Affi>nso V of Aragon in 
1409. 

‘The later history of the compass is only concerned with its technical 
improvement as an instrument, no additional principle in terrestrial 
being involved. The matter need not, therefore, be pursued 
further, except to refer the reader to the work of Schuck [3] for informa¬ 
tion on these later aspects of the question.’ (A.O.M.) 

The two volumes by Schuck on the compass [3] contain a great 
number of plates illustrating old compass forms. 

26.2. The discovery of magnetic declination; rejection of early 
claims. We quote from Crichton Mitchell’s second paper [1]; 

‘The four centuries from 1200 to 1600 witnessed the completed 
transition from the age in which medieval scholasticism was dominant 
into that when the art and logic of observation and experiment had 
vindicated their entry on the field of scientific investigation. But we 
have to wait until the publication, in the latter year, of Gilbert’s De 
Magneie. before the foundations of the sdence of terrestrial magnetism 
were weU and truly laid. Meanwhile, one notable advance had been 
made. For at least three hundred years before Gilbert’s time, it had 
been noticed that the suspended magnet did not, always md every¬ 
where, point to the exact geographical north. At first, this was 
piAiT'Atl as being due to the lodestone, by which the compass-n^e 
was magnetized, having different properties in different parts; la^ 
on, it was attributed to imperfections in the method of mapetiz^ 
the needle, or to errors in the observation of its direction relative to 
geographical meridian. But gradually it came to be recognized that 
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this divergence was a universal phenomenon, and thus was reached the 
conception of the magnetic declination, the angle at a given place and 
time between the geographical meridian of the place and the direction 
of a magnet freely suspended in a horizontal plane. 

‘The question which immediately presents itself is that relating to 
the origin of this conception—^by whom, when, and in what circum¬ 
stances, this phenomenon of magnetic declination was first observed. 
But, as in the analogous question of the nautical compass, we have no 
extant record of any such observation—^the earliest references found 
to be imperfect and obscure and thus the question cannot be answered 
in precise terms of persons, dates, and places. In the strict sense of the 
term, therefore, we cannot speak of the discovery of the declination and 
it would be more correct to refer to the history of the matter as being 
that of the gradual evolution of the conception of declination.’ 

A possible Chinese reference to magnetic declination occurs in Shon- 
Kua’s encyclopaedia; another translation by Hirth of the passage 
already cited in § 1 is quoted by Crichton MitcheU as follows: 

‘A geomancer rubs the point of a needle with the lodestone to make 
it point to the south, but it will always deviate a little to the east, and 
not show the south; that to use the needle, it may be put on water, 
but it would not be steady; and also it may be put on the nail of a 
finger or on the lip of a bowl, but it is too apt to drop, because its motion 
is very brisk; that the best method is to hang it by a thread, and to 
prepare the contrivance, one has to single out a fine thread from a new 
skein of floss silk and fix it with a piece of beeswax on the middle of the 
needle, the latter to be hung up where there is no wind; that the needle 
would then always point to the south; that, on rubbing a needle with 
a lodestone, it may happen by chance to point to the north, and he 
(the author) owned needles of both sorts, and that no one could as yet 
find out the principle of it.’ 

But Crichton Mitchell goes on to say: 

This passage, or its substance, also appeared in the supplement to 
the same cyclopedia, and also in later Chinese works. It is generally 
on these latter that commentators have based their conclusions, its 
first sentence being quoted, not invariably with its important context, 
in support of the claim now under reference. But careful consideration 
of the whole passage proves that the author’s attention is concentrated 
on the transmission to the needle of the directive property and on the 
demonstration of that property. Further, the deviation from the meri¬ 
dian is not regarded as a separate physical phenomenon but as an acci- 
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dental result due to imperfect support or suspension of the magnetized, 
needle. The passage cannot, therefore, he accepted as proof of Chinese 
^knowledge, in the eleventh century, of the magnetic declination. In 
support of this conclusion, the experience of Father Ricci and other 
Jesuit missionaries in China, about the beginning of the seventeenth 
century, may be quoted. They were permitted to take part in the 
proceedings of the Chinese Tribunal of Mathematicians, and had con¬ 
siderable difficulty in persuading the Tribunal that the geographical 
and magnetic meridians were not coincident. It was only after actual 
demonstration of the divergence of 2“ between them, that the Tribunal 
accepted the fact of decimation. In 1696, Le Comte reports that the 
Chmese were stiU &mly persuaded that the magnetic needle always 
pointed to the south. In 1870, Amiot found that the Chinese still 
obtained their fibrst knowledge of the matter from Father Ricci’s demon¬ 
stration. Another piece of evidence is the fact that when the Chinese 
used the magnetic needle to determine direction, they did not take the 
declination into accoxmt. Thus, the east and west walls of Pekin, built 
in the time of the second emperor of the Ming dynasty, do not run 
exactly north and south, but deviate 2|° from that direction. . . . 

‘From what has been stated above, the conclusion necessarily follows 
that our knowledge of magnetic declination did not originate in China.' 

Crichton Mitohell then deals at length with the claims conneoted with 
Golv/tnhus. We omit his discussion and his extensive quotations from 
the sources, and quote only his main conclusions (2nd paper, §§ 10, 2B): 

‘Since the beginning of the nineteenth century, the most general 
opinion regarding the discovery of the magnetic declination has been 
that it was first observed by Christopher Columbus during his first 
voyage to the West Indies in 1492. Until 1790, the only record on 
which this claim could be based was the biography of Columbus, 
written by his son Fernando. After that date, Navarette, Humboldt, 
and, especially, Bertelh, founded it on the Las Casa edition of the 
Journal of Columbus. Later opinion inclined towards the view that 
the declination was known in western Europe before 1492, and that 
what Columbus may be credited with is the discovery that its amount 
dimmished, became zero, and then turned westwards, as he sailed 
westwards across the Atlantic. But even this restricted conclusion 
has been disputed on the ground that the documents upon which it is 
based are unreliable. 

‘There is no intention here of embarking on the wide and angry 

seas of Columbian controversy. But the main results of that discussion 

ssts.so n ’ 3 ^ 
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have an important relation to the matter now under consideration and 
it is impossible to avoid their impact upon it. Two other reasons may 
be adduced in justification of the detailed examination. . . . The first is 
that the Columbus claim has been put forward so strongly and in such 
detail by Bertelli, backed by all the resources of an extensive and pro¬ 
found knowledge of the literature of the subject, that his argument 
cannot be ignored. The second is that a fresh examination of the original 
documents, which are reproduced below, throws new light on some 
aspects of the question. . . . 

‘We have now to summarize the conclusions reached with regard 
to the claim advanced on behalf of Columbus, that he was the first 
to observe the magnetic declination, or at least that he discovered the 
space-variation of the declination. These claims have been considered 
on their own merits, without prejudice from the previous history of 
the matter. With reference to the first of these two questions, the 
following conclusions appear to be reasonably established by the avail¬ 
able evidence: 

\a) That the faulty steering of the ships on September 9, 1492, has 
no bearing on the question. In his transcription of the Las Casa 
manuscripts, Navarette made one serious mistake, after correc¬ 
tion of which the whole matter appears in a simple light and 
unconnected with questions of declination. 

‘(6) That it is almost entirely certain that an easterly declination 
had been observed in north-western Europe before Columbus 
sailed on his first voyage. The proof is meanwhile inferred from 
the Columbian records themselves. It therefore follows that the 
magnetic declination was not discovered by Columbus. 

‘(c) With regard to the second question, the conclusion is: That the 
observations made by Columbus in his first westward voyage 
in 1492 ^e, in a rough manner, consistent with his having crossed 
the agonic line, but that he attributed the results to entirely 
erroneous causes, and thereby failed to recognize them as evi¬ 
dence of a general space-variation of magnetic declination. There 
are also sHght indications that before this first voyage the fact 
that declination was not of equal amount at all places was known 
to several navigators.’ 

26,3. The actual discovery of magnetic declination. As reliable 
references to magnetic declination, Crichton Mitchell (2nd paper, § 9) 
accepts evidence due to HeUmann [4] and Wolkenhauer: 

‘This is based on the fact that about the middle of the fifteenth 
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century, if not earlier, portable sun-dials were in use, chiefly by travellers, 
which had attached to them, in the base of each instrument, a small 
compass which facilitated the correct adjustment of the instrument 
with its “noon-line” in the geographical meridian. Some of these 
compasses show a mark indicating the amount of the declination. ... 

^After calling attention to the manufacture of these portable sun¬ 
dials, chiefly at Nuremberg and Augsburg, Hellmann begins his argu¬ 
ment by giving sound reasons for the behef that the word compass^ ^ 
or ‘‘compassus^^ meant nothing more than a horizontal sun-dial pro¬ 
vided with a magnetic needle. At what date the manufacture of these 
instruments began in Nuremberg and Augsburg is unknown. Peuerbach, 
one of the early authorities on dialling, lectured at Vienna from 1454 
to 1460. Among other writings, he left behind two documents bearing 
on the present subject, namely, a pamphlet entitled Oanones Qnomonis 
cum nova tabula and a manuscript entitled Compositio Gompassi cum 
regula ad omnia climata. His pupil, Johannes Muller, better known by 
his latinized name, Regiomontanus, settled in Nuremberg in 1471 and 
carried on astronomical work until shortly before his death in 1476. 
He made sun-dials, and either introduced their manufacture to Nurem¬ 
berg or, more probably, encouraged their manufacture if that had 
already been begun. 

‘The next step in Helhnann’s argument is to suggest that any maker 
of sun-dials, with their attached compasses, who was acquainted with 
the ordinary method of fixing the geographical meridian, must, in 
course of time, have recognized that, with the noon-line of the instru¬ 
ment in that position, the magnetic needle did not point exactly north 
but (in Germany at that time) to the east of north. To adjust the sun¬ 
dial correctly, it would then be necessary to orient it with the noon-line 
to westwards of the direction of the magnetic needle. The procedure 
would then be to mark on the compass-dial a point corresponding to 
the deviation of the needle and to orient the instrument until the needle 
stood over that point. The north point of the instrument would then 
indicate the geographical north. In whatever manner the process was 
gradually evolved, the fact remains that sun-dials have been found 
which show quite clearly the difference between the geographical and 
magnetic meridians, generally by a mark on the compass-dial to the 
east of the north point. A letter written by Hartmaim (of Nuremberg) 
in 1544 shows that he had observed the declination at Rome in 1510 
and found it to be 6° east, whereas it was 10° at Nuremberg. This 
observation—^the earliest of its kind on land—^was very probably made 
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mth the compass of a portable sun-dial, for it is known that Hartmann 
was an expert in the construction of these instruments. 

‘With reg^d to these sun-dials, Hellmann referred to the instrument 
found by Le Monnier in Paris. It was constructed by Bellermatus, is 
stamped with the year 1541, and shows the magnetic meridian making 
an angle of about 7° east with the north point. Presumably, this 
relates to Paris. Wolkenhauer was able, however, to go much further 
back. He called attention to a sun-compass found by E. Meyer in 
the Spitzer collection of antiques at Paris. It is dated 1453 and shows 
a deviation of the needle from the noon-line. Other instruments of 
similar kind found by Wolkenhauer are of dates 1451, 1466, 1470, and 
1511, all of them showing an easterly deviation of the magnetic needle. 
,Pinally, there are good reasons for believing that they had been con¬ 
structed at Nuremberg. 

‘In confirmation of the conclusions towards which the foregoing 
evidence points, Wolkenhauer referred to certain early road-maps of 
Germany which were, either directly or indirectly, the work of Erhard 
Etzlaub of Nuremberg. Of these maps, six copies are still extant. Each 
has at the side or bottom the figure of a compass, similar to that attached 
to a portable sun-dial, showing an eastward deviation by about llj®- 
That this deviation was clearly recognized at the time is proved by 
the instructions, printed at the top of the map, for the use of the com¬ 
pass in travelling by the map. It is generally believed that these maps 
were issued about 1492.’ • 

Crichton Mitchell states his final conclusion regarding the discovery 
of the geomagnetic declination as follows (2nd paper, § 27): 

‘Within a century after the first mention in literature of the nautical 
compass, we find allusions in the writings of Roger Bacon to the fact 
that the direction of the magnetic needle does not coincide with the 
geographical meridian, When, where, and by whom this was first 
observed is now unknown. At first, this deviation was ascribed to 
irregularities in the process of magnetization of the compass-needle, or 
to faulty methods of observation. But gradually it came to be recog¬ 
nized as a general and world-wide phenomenon and it is probable, 
though there is no extant record to establish the fact, that this stage 
was reached in the earlier years of the fifteenth century. Very soon 
thereafter, and certainly not later than 1460, the makers of sun-dials 
in Germany introduced improvements in their instruments in order to 
avoid the effects of deviation of the needle. Possibly about the same 
time, though more probably later, the compass-makers of Holland 
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adjusted their compass needles with the same object. The Mediterra¬ 
nean navigators continued to use the compass without this adjustment. 
Finally, no original observation, discovery, or iustrumental improve¬ 
ment, as made or eflfected down to the end of the historical period 
concerned, can be definitely or exclusively associated with the name 
of any particular person.’ 

26.4. The earliest observations of declination. Hellmann [4] 
gives the following values of the magnetic declination in the first half 
of the sixteenth century: 


Tear 

Place 

Decl. 

Observer or authority 

A.bout 1610 

Rome 

6° E. 

Georg Hartmann 

„ 1618 

Bay of Guinea 

Hi" E. 

Piero di Giovanni d’Antonio di Dino 

„ 1620 

•Vienna 

4^E. 

Johann Georg Tannstetter 

„ 1524 

Landshut (Bav.) 

10° E. 

Petrus Apianus (Bienevitz) 

1634 

Dieppe 

10° E. 

FxanQois or Crignon 

1637 1 

Florence 

9° E. 

Mauro {Sphere volgare novamente tradoUa, 
Venetia, 1637) 

1638 

Lisbon 

7FB- 

Pedro Nunes or JoSo de Castro 

1639 

Dantzic 

13° E. 

Georg Joachim Rheticus 

1641 

Paris 

7° E. 

Hieron3rmius Bellarmatus 

About 1644 

Nuremberg 

10° E. 

Georg Hartmann 

„ 1646 

Island of Waloheren 

fl°B. 

Gerhaxd Mercator 


Hellmann comments on this table as follows: 

‘Although, therefore, the deviation of the magnetic needle from the 
astronomical meridian had been confirmed at different places up to 
about 1650, it would be very misleading to assume that this knowledge 
—at any rate, among scholars—soon became common property. On 
the contrary, up to about the end of the sixteenth century, most of the 
writers on magnetism and dials made no mention whatever of the 

declination of the magnetic needle. 

‘The reason for this should be sought for in the fact that no con¬ 
temporaneous account of the above-mentioned observations appeared 
in print which would have contributed to their wider diffusion, as ^o 
to the circumstance spoken of above, that the deviation was regarded 
simply as a peculiarity of the magnet concerned, but not of the station. 
Again, these first determinations of the magnetic declination were 
subject to a great uncertainty. This, namely, was the c^e with the 
observations made on shipboard, where the imperfect metho(k, ^ well 
as the frequently poor construction of the compass, were 
The values of the declination obtained by pilots agreed so poorly wrth 
each other-indeed, often directly contradicted each other—that doubts 
of the correctness of the magnetic declination arose everywhere anew.... 
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‘An improvement in the method of determining the declination at 
sea was, therefore, a jBrst essential, if the hope, cherished with so much 
love and perseverance, of a solution of the longitude problem by 
magnetism, was to be realized. An apothecary of Seville, Felipe Guillen, 
of whom, unfortunately, we know nothing farther, was the one who 
thought out with this aim a new and better method of determining the 
declination. It is in this connexion interesting to note that the German 
dials (compasses in the foregoing meaning of the word) furnished to 
the Spanish observer, not only the suitable magnetic needle, but 
indirectly also the method itself; for this consisted simply in deter¬ 
mining with an arrangement like a sun-dial with magnetic needle, the 
magnetic azimuth of the sun at equal altitudes before and after noon 
by means of a centrally placed style or gnomon. The half diflference of 
the azimuths, which were reckoned from N. through E. to S. and from 
N. through W. to S. as far as 180°, was the desired declination of the 
magnetic needle from the meridian. 

Telipe Guillen, who presented this instrument (brdjula de variacibn) 
in 1525 to the king of Portugal, Joao III, has unfortunately left behind 
no writing concerning it. 

‘Soon afterwards Pedro Nunes, who in 1537 likewise pointed out 
the actual existence of a variation, and emphasized the need of its 
determination for nautical purposes, improved the Guillen instrument 
merely by adding to it a contrivance for the* determination of sun alti¬ 
tudes, and at the same time devised a new method for determining 
the latitude at any hour of the day. . . . 

‘A remarkable opportunity now soon offered itself to prove in a most 
comprehensive manner both methods, which were first carefully tested 
in 1533 at Evora. The Infante Dom Luiz, who had received instruction 
in mathematics and astronomy from Pedro Nunes himself, and had 
shown great interest in all nautical problems, presented such an instru¬ 
ment to his comrade in study and friend, Joao de Castro, who com¬ 
manded one of the eleven ships that sailed to the East Indies in 1538, 
with the charge to thoroughly test and examine this instrument as 
well as the new method of determining the longitude. Joao de Castro, 
later the fourth viceroy of India, performed his task most brilliantly. 
He investigated—^to consider here only the magnetic side of the matter 
—^not only the variation as often as possible, but he made also all kindpt 
of observations regarding the method itself, concerning the influence of 
the magnetic needle and its magnetization upon the measured value 
of the declination, concemiog magnetic disturbances, concerning the 
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deviation of the compass, etc. Indeed, he was also the discoverer of 
the magnetism of rooks, of which with us nothing was said before the 
seventeenth century. Joao de Castro carried on his observations also 
during his voyage along the west coast of India and in the Red Sea, 
so that we possess a series of 43 determinations of the declination 
between the years 1638-1641—^the first series of this kind that has 
come down to us. This remarkable mariner kept very copious journals 
concerning aU his nautical, magnetic, meteorological, and hydrographic 
observations, which contain indisputably the greatest and most valu¬ 
able treasure of records of that kind from the first half of the sixteenth 
century, and are worthy the zealous study of all those who intend 
writing the history of physical geography or of navigation during that 
period. Since I have read these journals myself, I do not hesitate to 
pronounce JoSo de Castro to be the most important representative of 
soientific maritime investigations at the end of the epoch of discoveries. 

‘The method of determining the declination, first tested by JoSo de 
Castro, soon was universally introduced on ships and was even at the 
end of the sixteenth century recommended anew by mariners and 
scholars in Spain, England, and Holland. They did not already know 
that this method was of Spanish-Portuguese origin, and waa already 
fifty or perhaps a hundred years old. For neither Rio Riano (1589), nor 
William Borough (1681), nor Edmund Gimter (1622), nor Henry GeUi- 
brand (1635), nor, finally, Simon Stevin (1599), mention the names of 
Felipe Guillen, Francisco Falero, or Pedro Nunes.’ 

26.5. The discovery of magnetic inclination. Georg Hartmann, 
Vicar of St. Sebald’s at Nuremberg, has already been mentioned in § 3. 
The letter written on March 4, 1544, addressed to the Duke Albrecht 
of Prussia, in which he describes his observations of declination, con¬ 
tains also a passage which has been interpreted (by L. Moser [6]) as 
an observation of inclination: ‘A non-magnetic needle, which is balanced 
horizontally on a pivot, becomes inclined when magnetized.’ He gives 
the inchnation as generally 9°, instead of more than 70°, as it must then 
have been. Consequently Gilbert ascribes the discovery of the magnetic 
dip or inclination to the Englishman Robert Norman, who in 1576 made 
a dip-drcle, and published a work with the title; ‘The newe Attractiue, 
containjmg a short discourse of the Magnes or Lodestone, and amongest 
other Ins vertues, of a newe disoouered secret and subtill propertie, 
ooncemyng the Deolinyng of the Needle, touched there with onder 
the plaiae of the Horizon. Now first founde out by Robert Norman 
Hydrographer. Hereonto are annexed certaine necessarie rules for the 
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art of Nauigation, "by the same R. N. Imprinted at London by John 
Kjmgston, for Richard BaUard. 1581.’ 

Hellmann reprinted this work in his Bara Magnetica [6]; he states 
that it is the oldest printed work dealing solely with geomagnetism. It 
was dedicated to Wm. Borough, at that time Comptroller of the Navy; 
it was favourably received and went through at least four more editions 
(1585, 1596, 1614, 1720). 

Gilbert made the first practical dip-circle. In his book he refers to 
the magnetic declination by its nautical name Variatio’, and he called 
the inclination or dip the 'declinatio’; the present use of the names 
declination and inclination first became usual in the 18th century. 
According to Giinther [7] this was due mainly to Daniel Bernoulli, 
who gave much attention to the measurement of I. The Paris Academy 
proposed the subject as one for a prize-competition; Bernoulli gained 
the prize for his work JSur la meilleure manihe de oonstruire Its boussoles 
dHTiclinaisorhi Paris, 1743. Euler measured the inclination at Berlin 
in 1745 as 71*5°, using an instrument made by the Basel mechanic 
Dietrich, after Bernoulli’s design. 

26.6. The discovery of the secular variation. Henry GeHibrand, 
Professor of Astronomy in Gresham College, discovered that the mag¬ 
netic declination changed with time. His work, ‘A discourse mathe¬ 
matical on the variation of the magneticaH needle. Together with its 
admirable diminution lately discovered. London 1635.’, has been repub¬ 
lished, in facsimile, by Hellmann [8]. 

Hellmann says: 

‘At times the credit for this discovery, so important in the science 
of geomagnetism, has been ascribed to Edmund Gunter, Gellibrand's 
predecessor as professor of Astronomy at Gresham College, London, 
but there is nothing in his printed works which coidd justify this view. 
Certainly Gunter in 1622 had found the magnetic declination at London 
to be 5° less than had been found in 1580 by William Borough, but 
Gunter refrained from drawing any conclusion from this difference. 
This may have been due either to the great inaccuracy of the older 
declination observations, or to tmdue regard for the authority of the 
statement made in 1600 by William Gilbert: ‘Variatio uniscujusque 
loci constans est” (the variation at any one place is constant). 

TBut though the credit for the discovery of the secular variation of 
the magnetic declination must be withheld from Gunter, his accurate 
observations must certainly have helped Gtellibrand to recognize with 
confidence the regular decrease of the declination.’ 
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Tho observations in London on which GeUibrand based his conclusion 
are tho following: 


Date j 

1 Observer 

Decimation 

1580 <><H. 10 1 

j William Burrow (or Borough) 

11-3° E. 

1022 .luno 12 

Edmund Gunter 

6-0® E. 

lost .luuo 10 

[ QoUihrand 

4-1® E. 


(lolUbrand «a;y^; 

'Ilonco thoroforo wo may conclude that for the space of 64 Yeaues 
ftho <UlToTOnce of time between Mr. Burrowes and of these last observa¬ 
tions of ours) there hath beene a sensible diminution of 7 degrees and 


Ijettor. 

*If any affected with magnetioall Philosophy shall yet desire to see 
an ©xporitnont made for tlieir owne particular satisfaction, where I 
may provailo, I would advise them to pitch a faire stone parallell to 
the Horision there to rest immoveable, and having a Needle of a con¬ 
venient longtli strongly touch’t by a vigorous Magnet to draw a Mag- 
neticall Meridian thereby, and yearely to examine by the application 
of tho same (well preserved from the ayre and rust, its greatest enemies) 


whether time will produce the like alteration. 

26.7. The earliest magnetic charts. HeUmann [9] coUected and 
reprinted the earliest geomagnetic charts, the first of wMoh were 
Edmond Hallby’s New and Correct Chart showing the Variat^ of the 
ComfOSB in Ote Western and Southern Oceans, as observed in ye year 
1700 by hia Majesty's Command by Edm. Halley, published in 1701, 
and hia Sea-Ohart of the whole World, shewing the VaHations of m 
Compaaa, published in London, 1702, in Mercator’s projection and m 
the approximate scale 1:33 millions. Before Hellmam ® ® 

world chart had already Been reproduced by G. B. [10]. Has 
earlier chart (Plate 38) was reproduced by Bauer m 1896 [9aJ. 

HeUmann says of HaUey’s chart: t 

•HaUey in 1683 and 1692 Lad published two works [10a] on the the^ 
of geomagnetism, but further observations seemed necessary to tes 
hia^theory^ (see § 11). ‘He wished to obtain tbe new measurements 
to*”™ ooea,. voysg., MP ^ P”^ 

fern S wiUteim. -dputat ta^to 

^ptemter 1700 made foj 
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declination chart of the earth. This was not only a masterpiece of the 
greatest value for practical navigation and the theory of geomagnetism 
at the time; it was also the pioneer embodiment of a method of graphical 
representation, which has been of great value in all branches of earth- 
science. 

‘Halley’s chart, as is indicated by its name (Sea Chart, Tabvla 
Naviica), was primarily made for the use of seamen. This accounts for 
its large scale and for the fact that the lines of eq[ual dechnation were 
drawn only over the seas, not over the land. Apparently Halley never 
published a separate account of his discussion of his own and other 
observations, on which his isogonic lines in the Atlantic and Indian 
Oceans were based.’ 

The oldest charts of inclination, which referred to south-eastern 
England, are due to William Whiston, of whom Hellmann [9] 
wrote: 

‘William Whiston (1667-1762) from his youth upwards was a zealous 
and fruitful follower of mathematical and astronomical studies, and 
in 1703 was elected to the Lucasian Professorship of Mathematics at 
Cambridge (held earher by Newton); he lost this, however, in 1710, 
because of rehgious controversies. 

Tt was the problem of determining the longitude at sea that gave 
rise to the preparation of the first inclination-chart. Whiston, like 
many others before him, believed that this could be solved with the aid 
of the dip needle.’ 

Whiston himself writes on this as follows; 

‘Now as I was musing of this Matter, and when I could think of no 
other way. Hr. Halley’s Map of the Yariation, already mentioned, came 
very seasonably to my mind: And I considered, that by such an inarti¬ 
ficial way of describing the Curve lines of equal Variation, how irregular 
soever, upon a Map, he had already given some Help for the. Discovery 
of the Longitude, at least near the Cape of Good Hope: tho’ the Quick¬ 
ness of the Mutation of those Lines, and their different Position in the 
rest of the World, rendred that Method of short Use there, and almost 
wholly useless elsewhere. When therefore I considered, that the Lines 
of equal Dip could hardly be more irregular than those of the Variation; 
and well knew that their Mutation was a great deal slower; and that 
these might probably be useful over aU the World; I conceived great 
hop^, that this way of AppUoation of the Power before us might very 
I®obahly discover the Longitude.’ 

The idea that the geographical position of a ship could be foimd by 



EARLIEST MAOEETIO OSABTS 


»1S 


|7 


means of simultaneoiiB observations of D and I was long held; John 
CShurchman’s Magnetic Adas [11], 1804, was published with this object 
in view. The idea is theoretioally sound, but its praotioal application 
is hindered by the inacouiaoy of the measurements on ships, due to 
their motion (and their iron). 

The first chart of indmation for the whole earth was published in 
1768 by Johann Carl WhiOKE at Stockholm [12]. He called the lines 
‘parallels of inclination’. He indicated on the chart itsdf all the observa¬ 
tions he bad used, so that one could estimate the degree of accuracy 
of the chart; he stated also that errors up to 1° were to be espected, 
not only because of the imperfections of dip-oirclea, but also because 
of errors in determining the geographical position of the place of 
observation. 

On a sketch of ‘isodynamio zones’, published in 1804 by AleTranfier 
von Humboldt, HeUmann wrote: 

"This chart gives no true isodynamic lines, but indicates isodynamio 
zones on both sides of the magnetic equator, or, in Humboldt’s words, 
the fibcst sketch of an isodynamio system, divided into zones. The 
chart appeared in the publication “Sur lea variations du magn6tiBme 
terrestre 4 diffdrentes latitudes; par MM. Humboldt et Biot. Lu par M. 
Biot k la olasse des sciences mathdmatiques et physiques de I’Institnt 


National, le 26 jWmaire an 13” (24 pp.). The chart is baaed on measores 
made by von Humboldt himself during his American journey (1799- 
1803), which he made through the influence of Borda. He swung a 
dip-needle in the magnetic meridian plane under the influence ^of the 
earth’s and observed the number of swings during 10 minutes. 

On the magnetic equator, which in Peru he found had the southsm 
latitude 7“ 1', this number of swings was 211; it decreased to the north 
and to the south. To smooth out the errors of observation, ^ 
to eliminate local influences to'some extent, Humboldt determined the 
mean number of swings in four northern zones and one southern z^, 
and entered these on the chart. This indicated a regtd^ 

{total) magneUc iTOensitg from the poles to the Even^if to ^ 

had already been recognized, it had not previously be^ 
unquestionably Humboldt deserves credit for having by hn 
of this law stimulated further investigations wmoen^ it. ^ 
importance which Humboldt himself attached to to 
rewLohes is most clearly evident feom a reference 
{Bdation histarigm, iii. 616) of his Ameri^ 

“J’ai regardd la loi du ddoroissement des forces magnAtiques, du p61e 



914 HISTORICAL NOTES Chap. XXVI 

k r^quateur, comme le r^sultat le plus important de mon voyage 
am^ricain.” 

‘The relative measures of the horizontal intensity, made three years 
later, in 1807, by Humboldt in conjunction with Gay-Lussac on a 
journey to Italy, brought into prominence this simpler and more prac¬ 
ticable observation of the time of oscillation of a compass-needle in the 
horizontal plane, and led to its general adoption on scientific journeys. 
In this way suflB.cient observations were gradually accumulated to 
permit the attempt to draw real isodynamic lines’ (HeUmann). 

Isodynamic charts for H and F were published by C. Hansteen in 
1826 and 1826 [3]; the horizontal intensity H is there indicated by the 
number of seconds required for Hansteen’s magnet to make 300 swings 
in the horizontal plane; this number was, for example, 753 for Paris, 780 
for Oxford, 820 for Edinburgh, 850 for Bergen; these numbers illustrate 
the northward decrease of H, The chart for F indicates the total 
intensity expressed in the unit introduced by von Humboldt (see 1.3). 

More complete isodjmamic charts were presented in 1833 by L. I. 
Duperrey [14] to the Paris Academy, and E. Sabine published others 
in 1837 [16]. 

26.8. William Gilbert. In 1600 WiUiam Gilbert published (in 
Latin) his famous treatise De Magnete, the fruit of long years of thought 
and experiment, on the lines afterwards advocated by Bacon. Gilbert 
was an amateur in physical science, for his profession was medical; 
in this also he rose to eminence, being appointed, in 1601, chief physi¬ 
cian in personal attendance on Queen Elizabeth. He was bom at 
Colchester in 1640, and died of the plague in 1603. His book has been 
described as the first modern scientific treatise. 

The scope of the book may be seen from Gilbert’s Index of Chapters, 
here reproduced from the revised English translation printed in 1900 
at the Chiswick Press, London, for the Gilbert Club: 

Booh 1. 

Chap. 1. Ancient and modem writings on the Loadstone, with certain matters 
of mention only, various opinions, & vanities. 

Chap. 2. Magnet Stone, of what kind it is, and its discovery. 

Chap. 3. The loadstone has parts distinct in their natural power, <& poles con¬ 
spicuous for their property. 

Chap. 4. Which pole of the stone is the Boreal: and how it is distinguished from 
the austral. 

Chap. 6. Loadstone seems to attract loadstone when in natural position: but 
repels it when m a contrary one, and brings it back to order. 

Chap. 6. Loadstone attracts the ore of iron, as well as iron proper, smelted 
wrought. 
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Chap. 7. What iron is, and of what substance, and its uses. 

Chap. 8. In what countries and districts iron originates. 

Chap. 9. Iron ore attracts iron ore. 

Chap. 10. Iron ore has poles, and acquires them, and settles itself toward the 
poles of the universe. 

Chap. 11. Wrought iron, not excited by a loadstone, draws iron. 

Chap. 12. A long piece of Iron (even though not excited by a loadstone) settles 
itself toward North & South. 

Chap. 13. Wrought iron has in itself certain parts Boreal <fc Austral: a magnetic 
vigour, verticity, and determinate vertices or poles. 

Chap. 14. Concerning other powers of loadstone, & its medicinal properties. 

Chap. 16. The medicinal virtue of iron. 

Chap. 16. That loadstone & iron ore are the same, but iron an extract from both, 
as other metals are from their own ores; & that all magnetic virtues, though 
weaker, exist in the ore itself & in smelted iron. 

Chap. 17. That the globe of the earth is magnetic, & a magnet; & how in our 
hands the magnet stone has all the primary forces of the earth, while the 
earth by the same powers remains constant in a fixed direction in the universe. 


BooJc 2. 

Chap. 1. On Magnetick Motions. 

Chap. 2. On the Magnetick Coition, and first on the attraction of Amber, or more 
truly, on the attaching of bodies to Amber. 

Chap. 3. Opinions of others on Magnetick Coition, which they call Attraction. 
Chap. 4. On Magnetick Force <fc Form, what it is; and on the cause of the Coition. 
Chap. 6. How the Power dwells in the Loadstone. 

Chap. 6. How magnetick pieces of Iron and smaller loadstones conform them¬ 
selves to a terrella &: to the earth itself, and by them are disposed. 

Chap. 7. On the Potency of the Magnetick Virtue, and on its nature capable of 
spreading out into an orbe. 

Chap. 8. On the geography of the Earth, and of the Terrella. 

Chap. 9. On the Equinoctial Circle of the Earth and of a Terrella. 

Chap. 10, Magnetick Meridians of the Earth. 

Chap. 11. Parallels. 

Chap. 12. The Magnetick Horizon. 

Chap. 13. On the Axis and Magnetick Poles. 

Chap. 14. Why at the Pole itself the Coition is stronger than in the other parts 
intermediate between the sequator and the pole; and on the proportion of 
forces of the coition in various parts of the earth and of the terrella. 

Chap. 16. The Magnetick Virtue which is conceived in Iron is more apparent man 

iron rod than in a piece of Iron that is round, square, or of other figure. 
Chap. 16. Showing that Movements take place by the Mapetical Vigour though 
solid bodies lie between; and on the interposition of iron plates. 

Chap. 17. On the Iron Cap of a Loadstone, with which it is armed at the pole (for 
the sake of the virtue), and on the ef&cacy of the same. 

Chap. 18. An armed Loadstone does not indue an excited piece of Iron with 

greater vigour than an unarmed. 

Chap. 19. Union with an armed Loadstone is stronger; hence peater weights are 
raised; but the coition is not stronger, but generally weaker. 

Chap. 20. An armed Loadstone raises an armed Loadstone, which a^o attraote a 
^thixd; which likewise happens, though the virtue m the first be somewhat 
small. 
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Chap. 21. If Paper or any other Medium be interposed, an armed loadstone raises 
no more than an unarmed one. 

Chap. 22. That an armed Loadstone draws Iron no more than an unarmed one: 
and that an armed one is more strongly united to iron is shown by means of 
an armed loadstone and a polished Cylinder of iron. 

Chap. 23. The Magnetiok Force causes motion toward unity, and binds firmly 
together bodies which are united. 

Chap. 24. A piece of Iron placed within the Orbe of a Loadstone hangs sizspended 
in the air, if on account of some impediment it caimot approach it. 

Chap. 26. Exaltation of the power of the magnet. 

Chap. 26. Why there should appear to be a greater love between iron & load¬ 
stone, than between loadstone & loadstone, or between iron & iron, when 
close to the loadstone, within its orbe of virtue. 

Chap. 27. The Centre of the Magnetick Virtues in the earth is the centre of the 
earth; and in a terrella is the centre of the stone. 

Chap. 28. A Loadstone attracts magneticks not only to a fixed point or pole, but 
to every part of a terrella save the sequinoctial zone. 

Chap. 29. On Variety of Strength due to Quantity or Mass. 

Chap. 30. The Shape and Mass of the Iron are of most importance in oases of 
coition. 

Chap. 31. On long and round stones. 

Chap. 32. Certain Problems and Magnetick Experiments about the Coition, and 
Separation, and regular Motion of Bodies magnetical. 

Chap. 33. On the Varying Ratio of Strength, and of the Motion of coition, within 
the orbe of virtue. 

Chap. 34. Why a Loadstone shoxald be stronger in its poles in a different ratio; 
as well in the Northern regions as in the Southern. 

Chap. 36. On a Perpetual Motion Machine, mentioned by authors, by means of 
the attraction of a loadstone. 

Chap. 36. How a more robust Loadstone may be recognized. 

Chap. 37. Use of a Loadstone as it affects iron. 

Chap. 38. On Cases of Attraction in other Bodies. 

Chap. 39. On Bodies which mutually repel one another. 

Booh 3. 

Chap. 1. On Direction. 

Chap. 2. The Directive or Versorial Virtue (which we call verticity): what it is, 
how it exists in the loadstone; and in what way it is acquired when innate. 

Chap. 3. How Iron acquires Verticity through a loadstone, and how that 
verticity is lost and changed. 

Chap. 4. \^y Iron touched by a Loadstone acquires an opposite verticity, and 
why iron touched by the true northern side of a stone turns to the North of 
the earth, by the true Southern side to the South; and does not txim to the 
South when rubbed by the Northern point of the stone, and when by the 
Southern to the North, as all who have written on the Loadstone have falsely 
supposed. 

Chap. 5. On the touching of pieces of Iron of divers shapes. 

Chap, 6. What seems an Opposing Motion in Magneticks is a proper motion 
toward unity. 

Chap. 7. A determined Verticity and a disponent Faculty are what arrange 
magneticks, not a force, attracting them or pulling them together, nor merely 
a strongish coition or unition. 
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Chap. 8 . Of Discords between pieces of Iron upon the same pole of a Loadstone, 
and how they can agree and stand joined together. 

Chap. 9. Figures illustrating direction and showing varieties of rotations. 

Chap. 10. On Mutation of Verticity and of Magnetick Properties, or on alteration 
in the power excited by a loadstone. 

Chap. 11. On the Rubbing of a piece of Iron on a Loadstone in places midway 
between the poles, and upon the sBquinoctial of a terrella. 

Chap. 12. In what way Verticity exists in any Iron that has been smelted though 

not excited by a loadstone. 

Chap. 13. Why no other Body, excepting a magnetick, is imbued with verticity 
by being rubbed on a loadstone, and why no body is able to instil and excite 
that virtue, xmless it be a magnetick. 

Chap. 14. The Placing of a Loadstone above or below a magnetick body sus¬ 
pended in sequilibrio changes neither the power nor the verticity of the mag- 
netick body. 

Chap. 16. The Poles, ^Equator, Centre in an entire Loadstone remain and 
continue steady; by diminution and separation of some part they vary and 
acquire other positions. 

Chap. 16. If the Southern Portion of a Stone be lessened, something is also taken 
away from the power of the Northern Portion. 

Chap. 17. On the Use and Excellence of Versoria: and how iron versoria used as 
pointers in sun-dials, and the fine needles of the mariners’ compass, are to be 
rubbed, that they may acquire stronger verticity. 


Booh 4, 

Chap. 1. On Variation. . . 

Chap. 2. That the variation is caused by the insequality of the projectmg parts 

of the earth. 

Chap. 3. The variation in any one place is constant. 

Chap. 4 . The arc of variation is not changed equally in proportion to the distance 
of places. 

Chap. 6 . An island in Ocean does not change the variation, as neither do imnes 

Chap. 6 . The variation and direction arise from the disponent power of the earth, 
and from the natural magnetick tendency to rotation, not from attraction, 

or from coition, or from other occult cause. x xv 

Chap. 7 . Why the variation from that lateral cause is not greater than h^ 
hitherto been observed, having been rarely seen to reach two pomts of e 
mariners’ compass, except near the pole. 

Chap. 8 . On the construction of the common mariners compass, and on the 
diversity of the compasses of different nations. 

Chap. 9. Whether the terrestrial longitude can be found from the vanafron. 
Chap. 10. Why in various places near the pole the variations are much more 
ample than in a lower latitude. 

Chap. 11. Cardan’s error when he seeks the distance of the of the eart 

^om the centre of the cosmos by the motion of the stone of Hercules; m 
book 6 , On Proportions, ^ x • 4 . 1 , 

Chap 12 On.thefindmgoftheamoTmtofvam.tioii:how^^tistIie axoof^e 

^ ^Horizon from its arctiok to its ^tarotick intersection of the mendian, to the 

point respective of the magnetick n^dle. -nnat TinTfc and 

Chap. 13. ThVobservations of variation by seamen vary, for the most part, and 
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are uncertain: partly from error and inexperience, and the imperfections of 
the instruments: and partly from the sea "being seldom so calm that the 
shadows or lights can remain quite steady on the instruments. 

Chap. 14. On the variation under the aequinoctial line, and near it. 

Chap. 15. The vajiation of the magnetick needle in the great -iEthiopick and 
American sea, beyond the sequator. 

Chap. 16. On the variation in Nova Zemhla. 

Chap. 17. Variation in the Pacidck Ocean. 

Chap. 18. On the variation in the Mediterranean Sea. 

Chap. 19. The variation in the interior of large Continents. 

Chap. 20. Variation in the Eastern Ocean. 

Chap. 21. How the deviation of the versorium is augmented and dimmished by 
reeison of the distance of places. 


^ Booh 5. 

Chap. 1. On Declination. 

Chap. 2. Diagram of declinations of the magnetick needle, when excited, in the 
various positions of the sphere, and horizons of the earth, in which there is no 
variation of the declination. 

Chap. 3. An indicatory instrument, showing by the virtue of a stone the degrees 
of declination from the horizon of each several latitude. 

Chap. 4. Concerning the length of a versorium convenient for declination on a 
terrella. 

Chap. 6. That decimation does not arise from the attraction of the loadstone, 
but from a disposing and rotating influence. 

Chap. 6. On the proportion of declination to latitude, and the cause of it. 

Chap. 7. Explanation of the diagram of the rotation of a magnetick needle. 

Chap. 8. * Diagram of the rotation of a magnetick needle, indicating magnetioal 
declination in all latitudes, and from the rotation and declination, the latitude 
itself. 

Chap. 9. Demonstration of direction, or of variation from the true direction, at 
the same time with declination, by means of only a single motion in water, 
due to the disposing and rotating virtue. 

Chap, 10. On the variation of the declination. 

Chap, 11. On the essential magnetick activity sphjericaUy effused. 

Chap. 12. Magnetick force is animate, or imitates life; and in many things 
surpasses human hfe, while this is bound up in the organick body. 

Book 6. 

Chap. 1. On the globe of the earth, the great magnet. 

Chap, 2. The Magnetick axis of the Earth persists invariable. 

Chap. 3. On the magnetick diurnal revolution of the Earth’s globe, as a probable 
assertion against the time-honoured opinion of a Primum Mobile. 

Chap. 4. That the Earth moves circulajly. 

Chap. 5. Arguments of those denying the Barth’s motion, and their confutation. 

Chap. 6. On the cause of the definite time of an entire rotation of the Earth. 

Chap. 7. On the primary magnetick nature of the Earth, whereby its poles are 
parted from the poles of the Ecliptick. 

Chap. 8. On the Prseeession of the .<3Equinoxes,.from the magnetick motion of 
the poles of the Earth, in the Arctiek & Antarctiok circle of the Zodiack. 

Chap. 9. On the anomaly of the Prseoession of the -Equinoxes, <& of the obliquity 
of the Zodiack, 
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The central thesis of the book is stated in the title of Chapter 17 
of Book 1 (q.v.)5 essential arguments for the conclusion there 
stated are given in Chapter 1, Book 6. We reproduce this chapter 
here (with its original woodcut page-head) from the 1900 English 
edition, and also part of p. 191 of this edition, with the woodcut (see 
p. 921) by which Gilbert indicated to the reader the similarity between 
the distribution of magnetic dip over the earth, and over a small 
spherical loadstone, which he called a terrella. It should be noted 
that he used the word declination not in its modern sense, but as 
meaning dip or inclination; for what we now call declination, he used 
the word variation, as seamen still do. 



BOOK SIXTH. 

GHAP. I. 

ON THE GLOBE OF THE EARTH, THE GREAT MAGNET. 

Hitherto our subject hath been the loadstone and things magnetical: 
how they conspire together, and are acted upon, how they conform 
themselves to the terrella and to the earth. Now must we consider 
separately the globe itself of the earth. Those experiments which have 
been proved by means of the terrella, how magnetick things conform 
themselves to the terrella, are all or at least the principal and most 
important of them, displayed by means of the earth’s Body: And to the 
earth things magnetical are in all respects associate. First, as in the 
terrella the aequator, meridians, parallels, axis, poles are natural 
boundaries, as numerous experiments make plain: So also in the earth 
these boundaries are natural, not mathematical only (as all before us 
used to suppose). These boundaries the same experiments display and 
establish in both cases alike, in the earth no less than in the terrella. 
Just as on the periphery of a terrella a loadstone or a magnetick piece 
of iron is directed to its proper pole: so on the earth’s surface are there 

35g6,30U 3 q 














920 


HISTORICAL NOTES 


Chap. XXVI 


ttirnings-about, peculiar, mamfest, and constant on either side of the 
sequator. Iron is indued with verticity by being extended toward a pole 
of the earth, just as toward a pole of the terrella: By its being placed 
down also, and cooling toward the earth’s pole after the pristine verti¬ 
city has been annulled by fire, it acquires new verticity, conformable to 
its position earthward. Iron rods also, when placed some considerable 
time toward the poles, acquire verticity merely by regarding the earth; 
just as the same rods, if placed toward the pole of a loadstone, even 
without touching it, receive polar virtue. There is no magnetick body 
that in any way runs to the terrella which does not also wait upon the 
earth. As a loadstone is stronger at one end on one side or other of its 
sequator: so is the same property displayed by a small terrella upon the 
surface of a larger terrella. According to the variety and artistick skill 
in the rubbuig of the magnetick iron upon the terrella, so do the mag¬ 
netick things perform their function more eflBciently or more feebly. In 
motions toward the earth’s body, as toward the terrella a variation is 
displayed due to the unlikeness, inequality, and imperfection of its 
eminences: So every variation of the versorium or mariners’ compass, 
everywhere by land or by sea, which thing has so sorely disturbed men’s 
minds, is discerned and recognized as due to the same causes. The 
magnetick dip (which is the wonderful turning of magnetick things to 
the body of the terrella) in systematick course, is seen in clearer light to 
he the same thing upon the earth. And that single experiment, by a 
wonderful indication, as with a finger, proclaims the grand magnetick 
nature of the earth to be innate and diffused through all her inward 
parts. A magnetick vigour exists then in the earth just as in the terrella, 
which is a part of the earth, homogenic in nature with it, but rounded 
by Art, so as to correspond with the earth’s globous shape and in order 
that in the chief experiments it might accord with the glohe of the earth. 


The decimation of a magnetick needle above a terrella is shown by 
means of several equal iron wires, of the length of a barleycorn, arranged 
along a meridian. The wires on the eqnator are‘directed by the virtue 
of the stone toward the poles, and lie down upon its body along the 
plane of its horizon. The nearer they are brought to the poles, the 
morQ they are raised up by their versatory nature. At the poles them¬ 
selves they point perpendicularly toward the very centre. But iron 
spikes, if they are of more than a due length, are not raised straight up 
except on a vigorous stone (p. 191). 
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Variety in the dedinations of iron spikes at various latitudes of a 

terreUa. 

S. P. Thompson, in the Notes (p. 54) to the 1900 English edition, 
wrote: ‘Gilbert’s extraordinary detachment from aU metaphysical and 
nltraphysical explanations of physical facts, and his continual appeal 
to the test of experimental evidence, enabled him to lift the science 
of the magnet out of the slough of the dark ages,. . . however, he still 
gave credence to the nativities of judicial astrology, and to the supposed 
influence of the planets on hxunan destiny.’ 

It is not surprising that Gilbert’s work also contained errors more 
nearly affecting magnetism, such as the conclusion (Chapter 3, Book 4) 
that the variation (i.e. D) in any one place is constant: ‘Unless there 
should he a great dissolution of a continent and a subsidence of the 
land such as there was of the region Atlantis of which Plato and the 
ancients tell, the variation wiU continue perpetually immutable.’ 

Gilbert’s book was received with great favour in his time, though 
some parts of it were considered heretical by many because they upheld 
the Copemiean views, of which he was the first English adherent; 
Galileo’s copy of Gilbert’s book was given to him by ‘a Peripatetick 
Philosopher, of great fame, as I believe to free his Library from its 
contagion’; the Jesuit scientists, however, who followed Gilbert in 
their magnetic writings, were right in repudiating his idea that the 
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magnetism of the globe gave support to the heretical modem 
astronomy. 

Galileo and Kepler both ■wrote in praise of Gilbert’s book: in one of 
his Sdentific Dialogues Galileo makes Salviatus say, regarding the 
increased lifting power of the loadstone when it is armed by an iron 
cap: ‘I extreamly praise, admire, and envy this Authour, for that a 
conceit so stupendious should come into his minde. ... I think him 
moreover worthy of extraordinary applause for the many new and true 
Observations that he made, to the disgrace of so many fabulous 
Authours, that write not only what they do not know, but whatever 
they hear spoken by the foolish vulgar, never seeking to assure them¬ 
selves of the same by experience, perhaps because they are un'willing 
to diminish the bulk of their Books. ’ 

26.9. The discovery of non-secular magnetic time-variations. 
Hansteen [17] in his Geomagnetic Researches describes how, after the 
discovery of the secular variation in Europe, it was thought that the 
magnet needle was turning uniformly westwards; from the London 
observations Mussohenbroek (1719) concluded that the annual motion 
was 9', and he calculated how many years would be required for a 
complete rotation of the needle in the horizontal plane; later it was 
found that the motion was non-uniform, and the famous instrument- 
maker Graham [19], -with his improved declinatorium, foimd in 1722, 
at London, that the compass needle is continually in motion. 

Walker [20] gives the following description of Graham’s discovery: 

‘The figure of the three needles, ■with which the experiments were 
made, was prismatic, their lengths about 12-2 inches, their ends, which 
pointed to the divisions, being filed to an edge, forming a fine vertical 
line. 

‘The caps of two of the needles were of crystal, and the other of glass. 
Well polished on the iaside in that point which touched the pin they 
fi&oved on. 

"ftiey were placed in a brass box, covered with ground glass, and wide 
enough to admit of 20‘’ oscillation either way. At the ends were placed 
graduated arcs, raised so as to be in the same horizontal plane with the 
needle, which could move freely between them. A few of the degrees 
at the north end were subdivided to 10', and by means of a convex lens 
intervals of 2' could easily be observed. The pin was of hard steel, 
findy pointed, and, by means of a spring, the needle could be raised 
off the point at pleasure, so as ■to prevent its being injured when the 
box was moved- 
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‘The needle was counterpoised by a small piece of brass.’ 

Graham says: 

‘After many trials, I found that all the needles I made use of would 
not only vary in their direction on different days but at different times 
on the same day; and this difference would sometimes amount to up¬ 
wards of 30' in one day, sometimes in a few hours. And this alteration 
occurred whether the needles were drawn aside immediately before 
the observation or suffered to remain undisturbed.’ 

The fact that the daily oscillation of the compass needle on undis¬ 
turbed days is greater in summer than in winter was discovered in 
1759 by Canton [24] at London. He found that the mean range in 
December was less than 7', and in June greater than 13', 

26.10. The connexion between magnetic storms and polar 
lights. Graham’s discovery was confirmed by Andreas Celsius [21] at 
TJpsala in 1740; his observations were continued by Hiorter. From 
more than 20,000 observations (on the average 20 per day) Hiorter 
found in 1747 that (to quote Hansteen): 

‘First: The needle ranges by about 5', on some days rather more, 
on others somewhat less, between its most easterly position, at about 
8 a.m,, and to its most westerly at 2 p.m. 

‘Secondly, in Hiorter’s words: A motion of the magnetic needle has 
been found which deserves the attention and wonder of every one. Who 
could have thought that the northern lights would have a connexion 
and a sympathy with the magnet, and that these northern lights, when 
they draw southwards across our zenith or descend unequally towards 
the eastern and western horizons could within a few minutes cause 
considerable oscillations of the magnetic needle through whole degrees ? 
The first time that I saw an aurora to the south and noted simultaneously 
a great movement of the magnetic needle was on March 1, 1741, in 
the evening, although at various other times I had noted a displacement 
of the needle, but on account of overclouded skies had not known 
whether this was accompanied by northern lights. When I announced 
this to the professor (Celsius), he said he too had noticed such a disturb¬ 
ance of the needle in similar circumstances, hut had not wished to 
mention it, in order to see (this was his expression) whether I too would 
light on the same speculation. . . . Subsequently this was always 
observed, especially on the following April 5, 1741, when the needle at 
2 p.m. began to be disturbed, so that at 6 p.m. it was V 40' to the west 
of its direction at 10 a.m. The most remarkable feature of this motion 
of the magnetic needle was the following. The professor (Celsius), 
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some weeks earlier, had by letter requested Mi. Graham at London to 
observe his own needle for some days, so that, should our needles be 
disturbed, one might know whether this occurred also at many widely 
separated places, in which case our observations could not be ascribed 
to any special properties of our observing room and of the iron in it. 
What happened ? The magnetic needle at London had just such an 
unusual motion at London at the same time as here at Upsala.’ 

Graham described his observations of Sunday, April 6, 1741, as 
follows: 

‘The alterations that day were greater than I have ever met with 
before. Tho’ no alteration of any thing in the Room could occasion it. 
It was a fine day. I was alone aU the time, and observed the Needle 
with all the care possible, sometimes in 2 or 3 minutes of tune a siuider, 
when I perceived the Needle changing. TVhether the cause of the 
change proceeds firom one place, where the Needle was placed, or jfrom 
any other, I know not; the only thing, in which I am certain, is, that 
there was no change of position of any thing in the Room, that could 
cause it, being alone all the day (I mean Sunday the 6th) when the 
greatest alteration happened. The observations upon the other days 
were made with the same care, but they are much less, and more 
regular etc.’ 

Hiorter remarked that Graham had not mentioned the northeim 
lights, presumably because, to judge by the motion of the needle, they 
had been strongest during the daylight; for in the evening, after sunset, 
only a faint drSiise aurora was seen at Upsala. 

Ihmng a strong aurora on the morning of October 20, 1746 (‘terribly 
red in the south’) the declination at Upsala varied by 4” 10' within 
four minutes of time. 

Among other notable inferences drawn by Hiorter we may mention 
the following: 

(a) That aurorae must be the highest phenomena of our atmosphere, 
so high and extensive, that they can simultaneously, here and in 
England, at Upsala and London,..., disturb the magnetic needle. 

(h) That finm the magnetic needle one can tell when there is an 
aurora in the sky, even in broad daylight or on cloudy nights (when, 
M so o^n, aurorae are completely hidden from us); and that conversely, 

m the southerly situation of the amora one can safely conclude that 

toe magnetic needle will be more or less displaced from its normal ' 
ctirectioii, 

(C) That the aurora might be partly the cause of the larger of the 
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observed monthly deviations of the magnetic needle from its normal 
direction; for it was found that after certain aurorae the needle did 
not return to the direction about which it had previously oscillated, 
so soon as at other times; hence it would be very difficult, if not impos¬ 
sible, to bring these so-cahed monthly magnetic motions under rule 
and order.’ 

Pehr Wargentin at Stockholm confirmed this discovery. After having 
seen that for some days the motions of the needle had been very small, 
he found (we quote from Hansteen’s account) that ‘on February 28, 
1749, in the afternoon at 4 o’clock, the needle had unexpectedly swung 
westwards through 0-6° in a few minutes. At once I predicted to Mr. 

■ Ekstrom that that evening there would be an aurora; and this actually 
happened, for as soon as it had become dark we saw one . . .; on that 
evening . . . the needle made its greatest deviations, between 6“ 60' 
and 9“ 1'.’ 

WhiOKE [22] noted in 1770 that the auroral rays extend upwards in 
the same direction as the dip-needle: the latter points exactly to the 
centre of the auroral corona, which is only an optical projection (or 
perspective) phenomenon, as Mahan [23] had already remarked. Wilcke 
gave a list of disturbed days, 1772-4; on most of the days in this list 
aurorae were seen at Stockholm and (by J. A. Euler) also at St. Peters¬ 
burg. 

26.11. The hypothesis of four magnetic poles. Inthe year 1819 
Christopher Hansteen, Professor of Applied Mathematics at the Nor¬ 
wegian University, published his great work Untersuchungen iiber den 
Magnetismus der Erde, erster Teil: Die mexihanischen Erscheinungm des 
Magneten [17] (‘Researches on geomagnetism, first part: the mechanical 
properties of the magnet’). This book contains many interesting histori¬ 
cal quotations, as well as an account of his own original researches. It 
is noteworthy that Hansteen sought to establish Halley’s conception of 
four magnetic poles, two, B and b, in the north, and two, A and a, 
in the south. For the year 1800 he extrapolated their positions, from 
the course of the isogonic lines, as follows: R, 69*9® N., 266*4“ E. of 
Greenwich; b, 86*4° N., 131*7“ E.; A, 69*1“ S., 134*1° E.; o, 77*8“ S., 
229*5“ E. The points B, A, and b were supposed to move eastwards 
round the geographical pole, the point a, on the contrary, westwards. 
The ‘orbital times’ were given as 1,728, 4,320, 864, and 1,296 years; 
Hansteen found that 25,920 years (the period of the precession of the 
equinoxes) was the smallest common multiple of these supposed periods. 

Hansteen wrote as follows concerning Halley’s poles; 
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'It is known that Halley regarded his magnetic poles in North 
America (5) and south of New Holland (A) as stationary (an assumption 
which the slow motion of these poles might well explain); the other 
two (6 and a) he supposed to move from east to west. That is right as 
regards b; hut his hypothesis also requires that a moves likewise in 
the same direction. Halley assumed that the earth is hollow, and that 
the magnetic poles B and A are located in the crust, and must therefore 
, be stationary. He also assumed that there is a smaller sphere or a 
core (terreUa), which is concentric with the earth, and therefore with 
the inner surface of the crust. The two other poles a and 6 he located 
in this core. The impulse which gave the earth (the outer crust) its 
eastward rotation about its axis, in 24 hours, could not fully impart 
the same angular velocity to the core, which therefore does not complete 
a full rotation in 24 hours . . . with the result that the two poles a and 
b apparently move westwards.’ 

But since, according to Hansteen, the pole b actually moves in the 
opposite direction, he concluded that Halley’s 'correct’ idea (of the 
existence of four magnetic poles) had been discarded along with the false 
idea (of the opposite motion of the crust and core). 'Euler saw that 
the assumption of two magnetic poles, or of one magnetic axis, was 
sufficient, and his great authority cast a further shadow on Halley’s 
work.’ 

Gauss, in his Mesults of the ObservatioTis of the Magnetic Union in the . 
Year 1838^ finally discarded this assumption of four magnetic poles. 
He defined a pole as a place where the horizontal intensity H is zero. 
He added: ‘If we turn &om the actual properties of the earth, and regard 
the question generally, then clearly more than two magnetic poles can 
exist; but it appears not to have been noticed that if, for example, there 
axe two north poles, then there must be a third point, between them, 
which is likewise a magnetic pole, but not truly either a north or a 
south pole, or, if one prefers, is both at once.’ 

Hansteen’s mistaken advocacy of Halley’s four poles should not 
obscure the memory of his many services to geomagnetism. Only a 
few years after the appearance of his book the wish was f ulfill ed (through 
Gauss) that Hansteen had expressed as follows in his preface: 'The 
mathematicians of Europe since the times of Kepler and Newton have 
all tiamed their eyes to the heavens, to follow the planets in their finest 
motions and mutual perturhations: it is now to he wished that for a 
time they would turn their gaze downwards towards the earth’s centre, 
where also there are marvels to be seen; the earth speaks of its internal 
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moTements through the silent voice of the magnetic needle. We should 
also leam much if we could construe the flaming script of the polar 
Hghts.’ 

Halley’s idea of an earth-core, which moves within the outer soHd 
crust, and so produces the secular variation, still lives on in our times, 
as the writings of Oarlheim-G-yllenskold and Schmidt testify (see Oh. 
XVIII). In his Adams Prize Essay for 1866 Walker [20] maintained 
that Halley’s conception of four poles was right, in the sense that there 
are four poles of maximum total intensity F. 

26.12. C. F. Gauss. Carl Friedrich Gauss [18], the son of a day 
labourer, was bom at Brunswick on April 30,1777. E.Schering [16] states 
that the first indication of Gauss’s intention to turn his thoughts towards 
geomagnetism is contained in a letter written on March 1, 1803, to the 
astronomer Olbers of Bremen. In this letter Gauss referred as follows 
to a newspaper article which stated that the geographical position could 
be determined by magnetic methods: ‘I rather mistrust this idea, al¬ 
though I believe that there may be much still to discover concerning 
the magnetic force of the earth, and that this oflfors a greater field for 
the application of mathematics than has yet been supposed.’ On the 
occasion of the Naturforscheroersammlung (Conference on the Natural 
Sciences) at Berlin in 1828, von Humboldt added his influence to lead 
Gauss in this direction. 

Volume 6 of the Collected Works of Gauss contains his two famous 
geomagnetic memoirs: ‘Intensitas vis magneticae teixestris ad men- 
suiam absolutam revocata’ (1832), and ‘AUgemeine Theorie des Erd- 
magnetismus’ (1838), both products of his mature years. The perfection 
of the form of exposition, characteristic of Gauss’s works, veils the 
course of their development; this may, however, be traced firom his 
letters to Olbers, Schumacher, and Gerling, in the years 1832-3, which 
Schering has published. We quote some extracts fi:om these. 

Writing to Olbers on February 18, 1832, he says; 

‘I occupy myself at present with geomagnetism, especially with the 
absolute determination of the magnetic intensity. Friend Weber [Wil¬ 
helm] is making the experiments according to my plan. Just as, for 
example, a clear conception of speed requires reference to a time cmd 
a length, so, I find, a complete specification of the intensity of geo¬ 
magnetism requires reference to a weight and a length.’ 

Writing to Schumacher on March 3, 1832, he says: 

‘Once the possibility of determining the absolute magnitude of geo¬ 
magnetism is realized, one must carry this out at a number of places 

ssst.ao u 3 Q 
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distributed all over the earth; then, travelling observers, carrying ’with 
them constant magnets, can determine the ratio of the intensity at 
other places, also testing the constancy of their magnets from time to 
time, by measurements at the places where absolute determinations 
have been made; thus all their measures can be expressed in absolute 
umts. This is of special importance for future centuries, in which we 
may expect that there will be changes in the absolute geomagnetic 
intensity, as important as we have long known in the magnetic declina¬ 
tion and inclination. I have always regarded these great changes as 
something truly remarkable- Undoubtedly the geomagnetic force is not 
due to a few great magnets near the earth’s centre, which gradually shift 
their positions through many miles, but rather it is the result of all the 
polarized par’ticles of iron contained within the earth, O'wing more to 
those near the surface than to those near the centre. But what is one 
to think of the enormous changes which have taken place in a couple 
of centuries ? This phenomenon has always seemed to me to favor the 
hypothesis, specially advocated by Cordier, that the solid crust of the 
earth is comparatively thin. Of course the magnetic forces could only 
have their seat in this crust, the gradual thickening of which, as hitherto 
fluid layers solidify, would give a quite unforced explanation of the great 
geomagnetic changes. This also seems to be indicated by the fact that 
the so-called principal magnetic poles of the earth are situated in the 
coldest regions, where pres’umahly the earth’s crust is thickest.’ 

On April 2, 1832, he 'wrote as follows to Grerling: 

T have been very busy with geomagnetism for about a month, 
attempting not only to carry out (with much help from friend Weber) 
the ideas I described to you at Christmas, but also to push them much 
further. A lm ost every day I light on some new idea, and only regret 
that the execution lags behind, because it requires now this, now that, 
auxiliary point first to be rather extensively developed. But oven as 
things now stand, they far surpass my expectations. Already I can 
almost from minute to minute follow the daily variation, and make 
changes of a few seconds of arc (e.g. 2 or 3) clearly visible. I hope to 
be able altogether to transcend the pre’vious accuracy in the meas'ure- 
ment, at any moment, of the intensity, the declination, and the inclina¬ 
tion, and of their variations. Already now I can determine the time of 
osoiLlation with almost incredible accuracy.’ 

(In this work Gauss was using the mirror-and-scale method of 
reading, introduced six years earlier, in 1826, byPoggendorff.) 

In a letter to Olbers of November 2.0, 1833, Gauss reported the first 
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installation of the electric telegraph, and also mentioned that the 
Gottingen magnetic observatory (of non-magnetic construction) vas 
finished, and that for the variometers he •was intending -to use magnets 
2 fefet long ■weighing 4 lb. 

26.13. Magnetic observatories and observations. During the 
late eighteenth and early nineteenth centuries huts of non-magnetic 
(iron-free) construction for geomagnetic observation began to be built. 
Walker [20] mentions observations by John Macdonald at Fort Marl¬ 
borough, Sumatra, in 1794 (published m the PMlosopMcal Transactions 
for 1796 and 1798); Macdonald’s desorip'tion of his observatory is as 
follows: 

‘A small building, devoid of iron, was erected at some distance from 
my house. This building contained the meridian. By repeated observa¬ 
tions I found the sphere of attraction of the needle and icon to be very 
smaE; a common-sized key presented to it did not affect it at a farther 
distance than five inches. To exclude every influence of iron, I laid 
aside such as might be about me, previous to taking the observations, 
and took care to remove the padlock and key at the same time to a 
certain distance from the oonstructure. The hasp and staple made use 
of for the padlock were of wood, and for the nocturnal observations I 
had wooden candlesticks made.’ 

Macdonald found •that the daily range of the declination is smaller in 
the tropics than in tempera-te latitudes. This was confirmed by the 
French admiral Duperrey, as described by Walker [20] as follows; 

‘He took his observations, every 16 minutes, with a diurnal variation 
compass, by the celebrated French maker Gambey, which was placed 
at his service by the Bureau des Longitudes. 

‘The instrument consists of a magnetic needle, or bar, of magnetised 
steel, in the form of a rectangular parallelepiped, suspended horizontafly 
by an assemblage of thread of silk devoid of torsion. Near each end of 
the needle, and on its upper face, is fixed a smaE plate of ivory, on which 
is traced the index Ene of the needle. From each side of this index 
proceeds a series of graduations, which, for the instrument in question, 
are at intervals of 26 of a millimetre. 

‘The motion of the needle is observed by means of two microscopes, 
placed with their optical axes vertical, one over each end of the needle; 
the tubes in which these microscopes slide being capable of a lateral 
motion by means of adjusting screws, so that the fixed ■wires of the 
microscopes can alwa3rs be made to coincide "with the index Ene of the 
needle. By the side of each microscope is fixed a scale, graduated to 
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nulliindtres, and parts of a millimetre, and each scale is furnished with 
a vernier which moves with the microscope by means of the adjusting 
screw before mentioned. The reading-off is assisted by means of a lens. 
To preserve the needle from currents of air, it is inclosed in a wooden box, 
having at each end, on its upper face, an aperture covered with glass, 
through which the needle is observed. The suspension thread is also 
inclosed in glass. The whole rests on a solid block of stone or marble.^ 

At Greenwich Observatory the magnetic declination was read thrice 
daily, using a DoUond magnet, from June 1818 to December 1920 (see 
Astronomical Observations by John Pond, Astronomer Royal, and also 
Oreemoich Observations, 1935). Magnetic work at Greenwich was then 
discontinued until 1841. 

Arago observed the declination at the Paris (Astronomical) Observa¬ 
tory from 1820 to 1835, using Gambey’s instrument. He made over 
50,000 individual (eye) observations, mostly at 15-minute intervals near 
the times of the maxima and minima of the daily variations (see Walker 
[20]). He noted that often, on days when at Paris there were observed 
great deviations from the normal course of the daily variation, polar 
lights (not observable at Paris) were seen at distant places. 

Barlow’s observations also are noteworthy, because he magnified the 
range of the swing of the needle hy making the latter astatic; he reduced 
the earth’s field near the swinging needle, by placing two magnets close 
by, in the magnetic meridian, but pointing southwards. Walker [20] 
remarks that Hauy (1817) had introduced this method. 

After his return from his South American journey (1799-1803), 
Alexander von Humboldt organized simultaneous magnetic observa¬ 
tions all over the globe, thus renewing and extending the practice of 
Ctelsius and Graham of 1741 (§ 10). Eight periods (per year) for such 
ol^ervations were pre-arranged, each of 44 hours length, when the needle 
was observed at least hourly. Among these observations, those at 
Ereiberg in Saxony are noteworthy because they were made in a mine; 
they diowed that the daily variation of declination proceeded in the 
same way at depths where there was no daily variation of temperature, 
as at the surface. Cassim in 1782 had already shown this hy observa¬ 
tions made in a cellar (80 feet below ground) at the Paris observatory. 

In 1828 von Humboldt constructed his own iron-free magnetio obser¬ 
vatory at Berlin. 

Wia reference to Gaiisa’s application of Poggendoiff’s method of 
minor-and-scate readings, Ton Humboldt, in 1838, wrote the following 
letter, recently lepnblished in Natwe [26]: 
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‘On February 12 , 1838, at a meeting of the Royal Geographical 
Society, a letter from Alexander von Humboldt, dated Berlin, January 
10, 1838, was read. . . . On the magnetic observations being made at 
Berlin, he said, “As we make observations here, both with the needle 
of Gambey, furnished with microscopes, and with the new apparatus 
of Gauss, furnished with a mirror, we have an opportunity of convincing 
ourselves more and more of the greater perfection of the latter apparatus, 
which by degrees will be employed in all our great observatories. 

‘ “As I think that the subject is not without importance to seamen, 
I beg to invite the influential members of your Society to be good 
enough to propagate Gauss’s manner of observing in all new stations 
where intelligent people can be found. Points near the magnetic equator 
and those which ace in high latitudes in the southern hemisphere . . . 
would be most desirable if they would observe at the same epochs indi¬ 
cated by M. Gauss.’” 

26.14. The Gottingen Magnetic Union. Gauss and Weber [27], 
at the new Gottingen observatory, began in March 1834 to participate 
in von Humboldt’s scheme of simultaneous observations. Later they 
considered it necessary to make observations oftener than once an hour, 
and proposed S-minute intervals. A number of observatories associated 
themselves with this proposal in what became known as the MagTietiscJie 
Verein (Gottingen Magnetic Union). Three to six periods of simulta¬ 
neous observation, each extending over 24 hours, were agreed upon 
annually. 

These observations were limited to the declination, which. Gauss 
remarked, was the geomagnetic element of most practical interest for 
seamen and geodesists; but he expressly added that the real reason for 
limiting the simultaneous observations to the declination was because 
at that time (1836) there were no instruments suitable for the measure¬ 
ment of the other elements. ‘The search for the laws of natural pheno¬ 
mena is an end and has a value in itself for the natural philosopher, and 
a pecuhar charm invests the recognition of order and harmony in hap¬ 
penings that apparently are quite irregular. The apparatus now used 
for observing the declination leaves nothing to be desired in the cer¬ 
tainty, accincacy and ease with which the wonderful and ever-varying 
changes in tliig element can be followed; but the same cannot be said 
for the instruments hitherto used to measure the other elements. At 
present, therefore, it would be premature to include these in the scope 
of organized observations. But they will claim the same attention from 
natural philosophers, as the changes of the dedination now receive, as 
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soon as instrumental means are perfected, by which these other elements 
also, and especially their quickly changing Tariations, can be recognized 
with certainty, followed with ease, and measured with accuracy. Let 
us hope that this time is now not far distant.’ 

The rich content of the six Annual Reports of the Magnetic Union, 
1836-41, may be briefly indicated as follows: 

1836: The construction of magnetic observatories; description of 
instruments; procedure for the simultaneous observations; descrip¬ 
tion of a small apparatus for the absolute measurement of H by 
travellers. 

1837: Description of a bifilar variometer for H ; on the influence of 
temperature upon the magnetization of bars; procedure in deter¬ 
mining the time of oscillation (the ^eye and ear’ method); the 
rotational dip inductor; the reduction of magnetometer-readings 
to absolute declination (introduction of the base-line value and the 
scale-value). 

1838: General theory of geomagnetism; the transportable magneto¬ 
meter; the inductor as magnetometer; the rotational inductor; 
magnetism in soft iron. 

1839: General theorems relative to the inverse-square law of attrac¬ 
tion and repulsion (potential theory); a method of simplifying the 
observation of magnetic deflexions; unipolar induction; the magne¬ 
tic apparatus at the Prague astronomical observatory (by C. Kxeil). 

1840: Various theorems on the bifilar-magnetometer; measurements 
of local magnetic variations in the garden of the Gottingen astro¬ 
nomical observatory, with a transportable magnetometer; articles 
by Hansteen, Goldschmidt, Listing. 

1841: Various instrumental questions; observations at Gottingen 
during several aurorae, every 10 or 20 seconds. 

The fifty stations which observed more or less regularly during the 
28 chosen periods (3 in 1836, 7 in 1837, 6 in 1838, 4 in each year 1839-41) 
have been listed by Sehering [28] as follows, with the number of periods 
in which they participated: 

Europe: Alten (Pinnmarken) 3; Altona-Hamburg 1; Augsburg 2; 
Bellsund (Spitzbergen) 1; Berlin 27; Breda (HoUand) 26; Breslau 
27; Brussels 8; Katharinenburg 3; Christiania 3; Copenhagen 24; 
Dublin 6; Preiberg (Saxony) 4; Geneva 1; Gottingen 28; Green¬ 
wich 5; Haag 2; Hammerfest 1; Hanover 4; Havdsund (Finn- 
marken) 1; Heidelberg 2^; Kierisvara (Lapland) 1; Cracow 8; 
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Klremsmunster 10; Kuopio (Finland) 1; Leipzig 28; Milan 26; 
Marburg 26; Makerstoun 2; Munich 18; Petersburg 9; Prague 10; 
Seeberg near Gotha 4; Stockholm 6; Upsala 28, 

Asia: Barnaul (Siberia) 2; Madras 4; Nertschinsk 3; Simla 4; Singa¬ 
pore 3; Trevandrum 3. 

Africa: St. Helena 7; Cape of Good Hope 3. 

North America: Cambridge 3; Philadelphia 1; Toronto 7. 

South Sea: Auckland Island 1; Kerguelen 1; New Zealand 1; Van 
Diemen’s Land (Tasmania) 5. 

The ‘term-observations’ (as they were called) which were made at 
Washington under this scheme were published in eoctenso [29]. 

26.15. E. Sabine and the British Colonial observatories. A. von 
Humboldt, in a letter written in April 1836 to the Duke of Sussex (who 
in 1786-91 iiad studied at Gottingen, and who in 1836 was President 
of the Royal Society of London), urged the institution of magnetic 
observatories in the British Colonies (this letter, which summarized the 
then existing state of geomagnetic science, has been reprinted by 
Sobering [28]). 

In a circular of the Royal Society dated July 1, 1839, and reprinted 
in the GoUinger Besultate for 1838, we read that Her Majesty’s Govern¬ 
ment had ordered the equipment (then in progress) of a naval expedi¬ 
tion of discovery, consisting of two ships under the command of Captain 
James 0. Ross, to proceed to the Antarctic Seas for purposes of magnetic 
research; and also the establishment of fixed magnetic observatories at 
St. Helena, Montreal, the Cape of Good Hope, and Van Diemen’s Land, 
having for their object the execution of a series of corresponding mag¬ 
netic observations during a period of three years, in consonance with the 
views expressed in that Report (made by the Joint Committee of 
Physics and Meteorology of the Society to the Council on the subject 
of an extended system of Magnetic Observation). The Court of Directors 
of the Honourable East India Company had also, in compliance with the 
suggestions of the Royal Society, resolved to establish similar observa¬ 
tories at Madras, Bombay, and at a station in the Himalaya Mountains. 

The circular stated that observations would be made at the times 
agreed on, and enumerated the equipment; instructions for the use of 
the magnetic and meteorological observatories were issued. Edward 
Sabine was entrusted with the superintendence of the four observatories 
at Toronto, St. Helena, Cape of Good Hope, and Hobarton. In a report 
‘On what the Colonial Magnetic Observatories have accomplished’ [31], 
he says: 
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‘Not, as previously, limited to observations of a single element (the 
Declination),—or combining at the most one only of the components 
of the magnetic force,—^the instructions of the Hoyal Society, and the 
instrumental means prepared imder its direction, provided for the 
examination, in every branch of detail, of each of the three elements 
which, taken in combination, represent, not partially but completely, 
the whole of the magnetic affections experienced at the surface of the 
globe, classed under the several heads of absolute values, secular 
changes, and variations either periodical or occasional,—and proceeding 
from causes either mtemal or external.... The Report of the Committee 
of Physics stated in a very few sentences, remarkable alike for their 
comprehensiveness and conciseness, the desiderata of magnetical 
science.’—‘The observations will naturally refer themselves to two 
chief branches, into which the science of terrestrial magnetism in its 
present state may be divided. The first comprehends the actual distri¬ 
bution of the ma^etic influence over the globe, at the present epoch, 
in its mean or average state, when the effects of temporary fluctuations 
are either neglected, or eliminated by extending the observations over 
a sufficient time to neutralize their effects. The other comprises the 
history of all that is not permanent in the phenomena, whether it 
appear in the form of momentary, daily, monthly, or annual change and 
restoration; or in progressive changes not compensated by coimter- 
changes, but going on continually accumulating in one direction, so as 
in the course of many years to alter the mean amount of the quantities 
observed.’ 

Meanwhile Schwabe, from his own sunspot observations during the 
years 1826-50, had derived the conclusion that the variation of the 
number of sunspots was periodic, with a period of about 10 years, 
maxima having occurred in 1828, 1837, and 1848, and minima in 1833 
and 1843, 

The most notable result of iSabine’s magnetic work was his discovery 
[32] that, during the years 1841-8, the magnetic disturbances varied in 
intensity in parallel with the sunspot variation. He gave the following 
comparison between the average disturbance variation in the declina¬ 
tion at Toronto (expressed as a ratio relative to the average disturbance 
intensity), and the number of sunspot groups according to Schwabe: . 



1B41 

1842 

1843 

1844 

1846 

1846 

1847 

1B48 

Disturlsaiice 

Spot groups 

1-38 

102 

0-91 

68 

0-50 

34 

0-73 

62 

0-63 

114 

1-27 

167 

1-42 

267 

1-46 

330 
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Sabine made the foUoTviag cogent comment on this comparison [31]: 
‘The discovery of a connexion of this remarkable description, giving 
apparently to magnetism a much higher position in the scale of distinct 
natural forces than was previously assigned to it, may justly be claimed 
on the part of the Colonial Observatories, as the result of the system 
of observation enjoined (and so patiently and caieftiUy maintained), 
and of the investigation for which it has supplied the data.’ 

Sabine also calculated the lunar daily magnetic variation for Toronto, 
St. Helena, and Hobarton (Ch. IX); he ascribed the discovery of the 
moon’s influence on geomagnetism'to C. Ejreil [33], who, in 1860, had 
calculated it from bi-hourly observations of declination at Prague (taken 
ten times daily between 10 a.m. and 10 p.m.) in the years 1840—9, Kreil 
found that the decimation in the average over all Ixmar phases under¬ 
went a lunar semi-diurnal wave; at the lunar culmination the magnetic 
needle, in the annual mean, was about 20^ more to the west of its 
position 6 hours earlier or later. In the summer months this lunar semi¬ 
diurnal range was greater (44^^); in winter it seemed to be hidden by 
irregular fluctuations’. 

Sabine, in his report [31], clearly expressed his general conception of 
the duties of a magnetic observatory, in a passage which is still worthy 
to be read. 

26.16. The introduction of photograpliic recording. Regular 
magnetic registration by photography was first introduced in 1847, at 
the Royal Observatory, Greenwich, under the direction of the then 
Astronomer Royal, G. B. Airy [43], and according to arrangements 
devised by Charles Brooke, who in 1848 was awarded a prize of £600 
offered by the British Admiralty for the invention of satisfaofcoiy 
magnetic self-recording arrangements. In the first of three fundamental 
memoirs [34] on this subject, Brooke wrote: 

‘An efBLcient method of continuously registeriag the T^ations of 
magnetometers haTing been generally admitted to be a desideratum in 
science at the Magnetic Conference held dixring the Meeting of the 
British Association at Cambridge, it became a matter of phUosophical 
interest to supply the deficiency, and this, it is hoped, has hy th.© 
following means been satisfactorily accomplished. 

‘As the mechanical force -whioh a suspended bar magnet is oapatl© 
of during its variations of direction, is far too minute to 

actuate the most delicate mechanism without sensibly afifeoting its 
position, the desired object wiU probably be obtained by photography 
alone.* 

3595.30 n 3 E 
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The original arrangement at Greenwich (a camphor lamp with slit, 
a rotating cylinder carrsdng the photographic paper, on which a base¬ 
line was produced by a separate lamp) was very successful. One of the 
first published magnetograms, taken at Brooke’s house at 29 Keppel 
Street, London, on April 6, 1846, shows a great disturbance of about 
30' in declination. Brooke clearly distinguished between motions of the 
needle due to changes in the magnetic field, and those due to local 
mechanical tremors (pointing out the effects on his magnetogram of a 
quadrille party in the adjoining house). He introduced automatic 
temperature compensation of the force magnetometers in 1851. 

26.17. Summary of important events in the history of geo¬ 
magnetism up to about 1850. 

A.n. 1030-93. The Chinese encyclopaedist Shon-Kna described the 
magnet pointing south. 

About 1187. Alexander Neckam of St. Albans described the magnetic 
compass. 

About 1450. Sun-dials made in Nuremberg showed marks for magnetic 
declination. 

About 1492. German road maps containing the figure of a compass 
indicating the declination. 

1538-41. Joao de Castro, on a voyage to the East Indies, made 
forty-three determinations of magnetic declination. 

1544. Letter by Georg Hartmann of Nuremberg, referring to 

the magnetic inclhiation, 

1576. Eobert Norman, The Newe AUractiue, 

1600. William Gilbert, De Magnete. 

1635. Henry Gellibrand disooyered the secular Tariation of 

declination. 

1672. Daniel Tilas died (invenior of the Swedish mining com¬ 

pass for magnetic propecting). 

1698-1700. HaUey’s voyages in the Atlantic Ocean on the Paramour 
Pink. 

1701. HaUey’s sea chart of the whole world. 

1721. William Whiston’s charts of inclination. 

1722. George Graham discoTered non-secular time-variations. 
1741 April 5. Simultaneons magnetic observations by Celsius at Upsala 

and Graham at London; discovery of the relation be¬ 
tween magnetic disturbance and aurora. 

1759. Solar daily variation foxmd to he greater in summer than 

in winter (by Canton). 
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1770. 

1782. 

1799-1804. 

1819. 

1820-35. 

1826. 

1837. 

1838. 

1839. 

1836-41. 

1839. 

1846. 

1860. 

1861. 

1862. 


Wilcke observed that aiiroral rays are parallel to the 
ruagnetic inclination. 

Cassini fotuid that the daily variation of declination is 
indepelJdent of the daily variation of air-temperature. 
A. von Humboldt’s expedition to America. 

Hansteen’s UwtersuchuTigm iiAer den Magnetismus der 
Erde. 

Arago’s observations of the magnetic declination at 
Paris. 

PoggendorfF introduced readings by means of mirror and 
scale. 

The earth inductor invented by Weber. 

Gauss’s Allgemeine Theorie des Erdniagnetismus. 

Lloyd introduced the magnetic balance for recording the 
variations of the vertical intensity. 

The Gottingen Magnetic Union. 

Establishment of the British Colonial Observatories 
(Sabine). 

Charles Brooke constructed photographic apparatus 
recording magnetic variations. 

Ejreil found the lunar daily variation of decimation at 
Prague. 

Schwabe discovered the sunspot cycle. 

Sabine found the effect of the sunspot cycle in the 
disturbances of declination at Toronto, 1841-8. 



BIBLIOGEAPHY 

The following bibliography includes a General list, and also lists relating to the 
separate chapters of this book; each such list is separately numbered- Cross refer¬ 
ences to these lists, in the bibliography itself, are distinguished by the insertion 
of either the letter G, as in G 12 (for the General list), or the number of the 
chapter, as in 9.12. 

The General list is itself divided into sections under specific headings, and 
several of the Chapter lists are also divided (by a slight space) into sections 
(without headings) comprising groups of papers on kindred topics. 

The references in each list or section of the bibliography are not in alphabetical 
order, but to facilitate the search for references to papers by particular authors 
the author’s index at the end of this volinne gives (besides the pages of the text 
where each author’s name is quoted) the list-numbers of each author’s papers 
quoted in the bibliography: as these numbers include the letter G or the chapter 
number it is easy to look up the bibliographical particulars of any paper included 
in the bibliography, if the author and the subject are known. 

GENERAL LIST 

CLASSICAL WORKS. (See also under Chapter XXVI) 

1. W. Gilbert, De magnete, magneticisque corporihus^ et de magno magnete tellure 

jphysiologia nova, London, 1600.—^English Translation by P. Fleury 
Mattelay. 368 pp. New York, J. Wiley &: Sons, 1893.—G. Hbllmann, 
"Zur Bibliographie von W. Gilbert’s “De Magnete”’, Terr, Magn, 7, 
63-6 (1902). Gilbert Club revised English translation, Chiswick Press, 
London, 1900. 

la. R. Norman, The Newe AUractiue, London, 1676 (for full title see p. 909). 

2. Chr. Hanstebn, Untersuchungen iiber den Magnetismus der JEJrde, 602+ 

148 pp. Christiania, 1819. 

3. C. F. Gauss and W. Weber, Eesultate aus den Beohaehtungen de$ magnetic 

schen Vereina Jahre 1836^ .. ., 1841, 6 Hefte. GSttingen und Leipzig. 
Some reprints in C. F. Gauss, Werhe, Band 6 ; translations by E. Sabine 
in Richard Taylor, Scientifie Memoirs, 2, London, R. & J. E. Taylor, 
1841. See also refs. 2.1, 17.22. 

4. J. Lamont, JE7rd9wag^we^^5m^«. 264 pp. Berlin, 1849. (Contains 

the theory of measurements. A second part (Discussion of the phenomena) 
was contemplated, but never appeared.) 

4a, - Haridhuch dee Magnetismus, 468 pp. Leipzig, 1867. 

6. Edward Walker, Terrestrial and Cosmical Magnetism (Adams Prize Essay 
for 1866). 336 pp. Cambridge, Deighton, Bell & Co., 1866. 

6a. H. Lloyd, A Treatise on Magnetism General and Terrestrial, 239 pp. 
London, Longmans, Green, 1874. 

6. G. Hellmann, Neudrucke von JSchriften und Karten iiher Meteorologie und 

Erdmagnetismus, No. 4 (Die aitesten Karten der Isogonen, &c.); Nr. 9 
(H. Gelejbrand, a discourse mathematical on the variation of the 
MagneticaJl Needle, London, 1636); Nr. 10 (Rara magnetica 1269-1699). 
Berlin, A. Asher u. Co., 1896-7. 

7. Balfour Stewart, ‘Terrestrial magnetism’, Ency, Brit,^ 9th ed. 1882, 36 pp. 

8. T. A. Lyons, A Treatise on Electromagnetic Phenomena cmd on the Com/pass 

and its Deviations aboard SJwp, 2 vols. 1138 pp. New York, John Wiley 
& Sons (London, Chapman & Hall, Ltd.), 1901 and 1903. 



BIBLIOGRAPHY 


939 


G24] 

9. Geobob BidpbIiL Aiby, A Treatise on Magnetism, 220 pp. London, 
Macmillan, 1870. 

9a. E. Mascot, Traiti de MagndPisme Terrestre, 441 pp. Paris, Gauthier- 
Villars, 1900. 

MORE RECENT WORKS AND HANDBOOK ARTICLES 

10. A. Schmidt, ‘Erdmagnetismus’, Enzyklopddie der mathematischen Wissen- 

schaften. Band VI, i, B, 10, pp. 266-396. Leipzig, 1917. 

11. Terrestrial Magnetism and Electricity, edited by J. A. Fleming for the 

National Research Council of the National Academy of Sciences (U.S.A.); 
vol. viii of their series ‘Physics of the Earth*. 794 pp. New York and 
London, McGraw-Hill, 1939. 

12. G. Angbmheistbb und J. Babtbls, ‘Das Magnetfeld der Erde’, in Wien- 

Harms, Handhuch der EcaperimentalphysiJc, Band 26, 1. Teil, pp. 627-684. 
Akad. Verlagsges., Leipzig, 1928. 

13. G. Angenhbistbb, ‘ Erdmagnetismus in H. Geiger und K. Scheel, Handhuch 

der Fhysik, Band 16, pp. 271-320. Berlin, J. Springer, 1927. 

14. C. Madbain, Magnitisme et dlectricitd terrestres. Fascicule I. Magnetism© 

terrestre. 62 pp. Actualit6s Scientif. et Industrielles No. 287. Paris, 
Hermann & Cie, 1936; also Physique du Globe, 204 pp. Paris, Armand 
Colin, 1923. 

16. C. Chbeb, Studies in Terrestrial Magnetism, 206 pp. London, Macmillan & 
Co., 1912; also Encyc, Brit,, 11th ed., 17, 353-86, 1911, and 14th ed. 

16a. ‘Terrestrial Magnetism’, by F. E. Smith, C. Chbbe, and S. Chapman, in 
R. Glazebbook, Dictionary of Applied Physics, 2, 628-61. London, 
Macmillan, 1922. 

16. E. O. Huxbtjbt, ‘Terrestrial-magnetic variations and aurorae’, Reviews of 

Modem Physics, 9, 44-68 (1937). 

17. A. Neppoldt, ‘Der Erdmagnetismus’, MtTLLBB-PoxjiLLET’s Lehrhudh der 

Physih, 11. Aufl., 6. Band, 1. Halfte, pp. 398-484. Braunschweig, Fr. 
Vieweg & Sohn, 1928. 

18. - Erdmagnetismus, Erdstrom und Polarlichf. 4. Aufl. (Sammlung 

Goschen, Nr. 176.) 136 pp. Berlin, 1936. 

19. -‘Erdmagnetismus und Polarlichf, in Einfuhrung in die Geophysik, 

Band 2, 168 pp. Berlin, J. Springer, 1929. 

20. S. Chapman, The Earths Magnetism, 116 pp. London, Methuen, 1936. 

CHARTS AND TABLES 

21. G. Hellmann, Magnetische Kartographie in historisch-kriUscher Darstellung, 

Verdff. Preuss. Met. Inst. No. 216, Abhandl. Band 3, No. 3. 62 pp. Berlia, 

1909. (Contains a bibliography of published charts for the period 1700 to 

1910. ) 

22. Charts of Equal Magnetic Variation, Horizontal Force, and Dip, Published 

by the British Admiralty (Charts Nos. 2598, 3803, 3598.) Sold by J". D. 
Potter, London. For epochs 1937, 1932, 1927, 1922, .... 

23. Linien gleicher Missweisung, magnetischer Horizontalintensitdt und Inklma- 

tion, Herausgegeben von der Marineleitung, Berlin. Yerlag von Dietrich 
Reimer, Berlin. Various epochs. 

24. Charts of equal declination (variation of the compass) (No. 2406), horizontal 

force (No. 1701) and dip (No. 1700). Published by the U.S. Hydrographic 
Office. Last issues for epoch 1936. 



940 BIBLIOGRAPHY [G25- 

25. G. Nbumaybb, Atlaa des Erdmagnetism'iis. (Berghaus’s Physilcalischer 

Atlas, Aht» 4-) Gotha, Justus Perthes, 1891. 

26. G. HoMiiRY,‘I)^olmaisoniiiagn6tiquesurr©nseinbledu globe, 1931". Paris, 

Comptes rendm Acad, Sci. 196, 797-800 (1933). 

27. J. A. FnEMUTG, Terrestrial Magnetism, Smithsonian Physical Tables, 8th 

Edition (Smithsonian Miscell. Coll. 88, 675-91, 1933). 

28. A. SoHMTDT, ‘Die erdmagnetischen Verhaltniss© in West- xindMitteleuxopa’, 

in. Landoit-Bornstein, Physihalisch-Chemische Tabellen, Band 1, pp. 
37-42. Berlin, J. Springer, 1923; and Erganznngsbande. 

Eor maps for individual areas, see bibliography Chapter III. 
JOURNALS 

29. Terrestrial Magnetism, vols. 1-3, Chicago, 1896-8; Terrestrial Magnetism 

and Atmospheric Electricity, vols. 4-44, Baltimore, Johns Hopkins Press, 
1899-1939. Yols. 1-37 edited by L. A. Bauer, vols. 38-44 by J. A. Fleming. 
The leading journal in this field. Quarterly. 

30. Zeitschriftfur OeophysiJe, Herausgegeben (fiir die Deutsche Geophysikalisohe 

OeselJschaft) von G. Angenheister. Band 1-16. Braunschweig, Fr. 

' Yieweg & Sohn, 1925-39. 

31. QerlandsBeitrdgezurGeopTvysih. HerausgegebenvonY. Conrad. Band 1-14, 

1897-1918 J Band 16-54, 1926-39. Supplemented by Beitrage zur 
angewandten QeophysiTc, Band 1—7. Leipzig, Akad. Yerlagsgesellsohaft. 

32. Meteorologisohe Zeitschrift. Band 1-66. Braunschweig, Fr. Vieweg & Sohn, 

1884-1939. 

33. Ooimnumcatioris Magndtiques, Sc,, Nos. 1-18, publides par I’Institut 

N^t^orologique Danois, Copenhagen 1927-37. 

34. Geophysical Memoirs, vols. 1-9, Published by the Meteorological Ofiice, Air 

Ministry, London 1926-39. 

36. OeofysiskePublikasjoner, NorskeYidenskaps-Akad. Vols.1-13, Oslo, 1921-39. 
Z6a, PMikastjoner Jra det Norske Institutt for Kosrmsh Pysikh, Nr. 1-16, 
Bergen, 1932-9. 

36. Transactions of the American Geophysical Union, Published annually by the 

National Research Council of the National Academy of Sciences, Washing¬ 
ton, D.C., 1921-39. (Edited by J. A. Fleming.) 

37. Geophysical Magazine. Yols. 1-13, 1926-39. Published by the Central 

Meteorological Office, Tokyo. 

38. Japanese Journal of Astronomy and Geophysics, Transactions and Abstracts. 

Yols. 1-16, Tokyo, 1926-39. 

39. Proceedingsof the Institute of Radio Engineers. Monthly. Yols. 1-27,1913-39. 
39a. Mordhly Notices of the Royal Astronomical Society, London, vol. 99, 1939; 

Geophysical Stipplement, vol. 4, in progress, 1939, 

39b. Geofisica Pura e AppUcata, edited by M. Bossoia-SOO. Yol. 1, Messina, 
1939. 


BIBLIOGRAPHIES AND ABSTRACTS 

40. ‘List of recent publications.’ By H. D. Harradoit. (Quarterly, in 

Magnetism and Atmospheric Electricity.) (The most complete current list 
of titles.) An extensive classified list has heen given by Hakrapon in 
ref. 11. 

41. Zentrcdblatt fiir Geophysih, Geoddsie und M&tearologie, Herausgegeben von 

H. Jung. Band 1-4 (1937-9), Berlin, J. Springer. (Gives abstracts in 



G48] 


BIBLIOGRAPHY 


941 


German, English, or French, by various reviewers, of all papers in general 
and applied geophysics.) 

41a. ‘Berichte Tiber die Fortschritte tinserer Kenntnisse vom Magnetismus der 
Erde.’ I-VH by Karl Schering, VIII-IX by J. Bartels. In Geographischea 
Jahrbuch, Gotha, J. Perthes, herausgegeben von H. Wagner. Band 13, 
16, 17, 20, 23, 28, 36, 40, 44. (A condensed report of the literature from 
1830 to 1929.) 

42. Phyaikalische Berichte, herausgeg. von der Deutschen PhysikaJischen GeseU- 

schafb. Bratmschweig. Bi-weekly. Heft 1, 4, 7, &o., of each volume 
contains ‘Geophysikalische Berichte’; these are also bound together 
with the issues of the Zeitschrift fiir Geophyaih, ref. 30. 

43. Geophyaical Ahatracta. Monthly Issues published as Information Circular, 

mimeographed, by the U.S. Bureau of Mines (U.S. Dept, of Commerce), 
No. 1 (May 1929) to 86 (Jime 1936); No. 87 (July to December 1936) and 
following (quarterly) printed as Geological Survey Bulletin No. 887, &o. 
(U.S. Dept of the Interior). (A rather complete survey of all publications 
and patents on Applied Geophysics.) 

43a. Bibliography of Meteorological Literature. Published, in six-monthly parts, 
by the Royal Meteorol. Soc., London. 

PUBLICATIONS OF OBSERVATORIES AND INSTITUTES 

Most observatories restrict their year-books to an account of the magnetic 
data only, but a few directors have also given summaries and discussions, which 
have sometimes reached the proportions of handbooks of terrestrial magnetism. 
Because of the limited distribution of these publications (generally between 
100 and 200), some valuable contributions to geophysics are thus rather in¬ 
accessible. A few of them are cited here. 

44. JResearchea of the Department of Terreatrial Magnetiam. Carnegie Institution 

of Washington, Publication No. 175, vols. i-vi (1912-27).—Land Surve;^, 
Ocean STirveys, International Magnetic Standard Comparisons, Special 
Reports. Extensive reports and bibliographies in the AnrmdL Report of 
the Director of the D:T.M., reprinted from Year Book, Carnegie Institu¬ 
tion of Washington. 

46. Batavia.: Obaerva^iona made at the Royal Magnetical and Meteorological 
Observatory at Batavia. Since 1866. Vol. 66 (1933). Si m o m aries for 1866— 
1916 in vol. 39 (1916), for 1866-1920 in vol. 43, for 1866-1926 in vol. 48 
(1926).— Tlst t of magnetic distTirbances 1880-99, by W. vajs" Bemmelen, 
in yol. 28 (1906), Appendix m. 

46. Bombay: N. A. F. Moos, Colaba Magnetic Data, 1846 to 1906. Part I: 

Magnetic Data and Instruments; Part 11: The Phenomenon and its Dis¬ 
cussion. 782 pages. 111 plates. Bombay, 1910.—monumental work. 
Later volumes for 1906-10, 1910-16, 1916-20, then annual volumes. 

47. Gbbenwioh: Magnetical and meteorological ohaervationa made at the Royal 

Ohaervatory, Greenmch. London, H. M. Stationery OfBLoe. Since 1840. 
Annual Volumes. 

48. Pabis: Annalea de VInaPitut de Phyaigue du Globe de VUni/verait6 de Parris, 

publi6es par Ch. Maurapt. Tome I (1923) and following years (tome 16, 
1937). Contains Observatory Results and papers. 

- Ann. de phya. d/u globe de la France dDutre-Mer, 1^^® Ann^e 1934 and 

following years (bi-monthly). 



042 


BIBLIOGRAPHY 


[G 49- 


49. PoTSDAjii: Ergebnisse der magnetischen Beohaohtungen in Botsda/m {und 

Seddm)i since 1932, Adolf-Schmidt-Observatoriiim NraMEsaK; since 1935, 
Geophysikalisches Institut, Potsdam. Annual volumes since 1890, pub- 
lisb^ as Veroffentlichungen des Freusa. Meteorol, Inatituts Berlin, 

A. Schmidt discussed many instrumental and theoretical questions in the 
accompanying text. A useful index was given by A. Nitpoldt in Ergeb- 
nisse 1927* Special summarizing volumes referring to the Potsdam data 
are as follows [50-5la]. 

50. W- BRijoKMAiror: Ergdnzungshand zu den Jahrgdngen 1892-1900, 100 pp. 

(Yerdff.No. 232; Berlin, 1911.) 

61. A. SoHMEDT, ‘Ergebnisse der magnetisohen Beobachtungen in Potsdam und 
Seddin in den Jahren 1900-1910*. Published as Abhandl. Kgl. Preuss* 
MeteoroL Inst,, Band 6, Nr. 3. 52+(40) pp.' Berlin, 1916. 

51a. The annual Berichte iiber die TdtigJceit des Preussischen Meteorologiscken 
Institute (tiU 1933) contain many papers on geomagnetism by the Potsdam 
staff. 

52. Archiv des Erdrnagrietiamus, Herausgegeben von A. Schmidt. Band I (con¬ 

taining Heft 1-4), Potsdam, 1903-26. This ‘Collection of the most im¬ 
portant results of geomagnetic observations in uniform representation’ 
gives extensive tables for the diurnal variations at many observatories, 
and their change with sunspot number, and other investigations. The 
later Hefte contain memoirs, and have been published in the Abhand- 
hmgen des Breuss. Meteorol. Inst, Berlin, Berlin, J. Springer, namely. 
Heft 5 as vol. 8, No. 2 (VerSff. Nr. 332, 1926); Heft 6 as vol. 8, No. 11 
(Ver6ff. Nr. 354, 1927); Heft 7 as vol. 9, No. 1 (Ver5ff. Nr. 357, 1928)- 

53. Eskdalbmuie and Lerwick: : The Observatories Yearbook (published by the 

Meteorological 0£B.ce), London (H.M. Stationery Oflioe). 

54. U.S. Coast csnd Geodetic Survey: Yearbooks for Cheltenham (Md.), Tucson 

(Ariz.), San Juan (Porto Rico), Honolulu and Sitka (Alaska). 

55. Rude Skov (Copenhagen) and Godhavm: MognetisTc Aarbog, published by 

the Danish Meteorological Office. 

56. Publ. Norske lost, for Kosmisk Fysikk. The Auroral Ohs, at Tromsd, Results 

of Magnetic Observations for the year 1930, <Sso. By L. Harano, O. Kboo- 
HESS, and E. Tonsbbrg, Bergen. (Description of ‘storminess’ in No, 2 
(193(>) and 4 (1932). Results from Dombas.) 

57. Db Bilt, Meteorological and Magnetical Observatory- Armuaire. JB, Mctg^ 

nMsme Terrestre. (K. Nederlandsch Meteorol. Inst. No. 98; Utrecht* 
Kemink & Zoon.) 87. ann6e, for 1935. 

58. Warszawa, Travaux Obs, Magn, Swider {Swidrze), by S. Kadhtowski- No. 

9, 1937, contains results for 1934-5. 

59. Ocmujdimhrna^SYieiM Ottawa, J. d© 

Tach4. (W. E. W. Jackson, R. F. Stdpajrt, R. Mbldrtjm Stewart.) 


INTERNATIONAL ORGANIZATIONS, PUBLICATIONS OF 
MEETINGS AND DATA 

50. G. H^kmanh und H. H. Hpldebrandsson, Intemationaler Meteorologischer 

^ 0 ^. 2. Aufl. 103 pp. (VerOff. Preuss. Meteorol. Inst. Nr. 242.) Beirlin, 
Bdarend&Co., 191L 

51. E. Mbr^ and O. Somtillb, Liste des Observatoires MagnMguea, Observa- 

toire Roy. Belgique, Brussels, 1910. 



943 


Ot 90] BIBLIOGRAPHY 

62. J. A. ‘EuEssxs^a, ‘Latest annual Talues of the magnetic elements at obaeorva- 

tories’, Terr. Magn. 12, 175 (1907); 16, 209 (1911); 20, 131 (1915); 22, 
169 (1917); 23,191 (1918);25,179 (1920); 26,147 (1921); 27,157 (1922); 
29,149 (1924); 31,27 (1926); 32,27 (1927); 33, 95 (1928); 35,165 (1930); 
Uniozi G4od. G^ophys. Ihtemat., A^. Meotr. Teorr., Bull. No. 9 

(Lisbon meeting 1933), pp. 213-18 (1934); BiiQ. No. 10 (Edinbui^ meet¬ 
ing 1936), pp. 323-30 (1937). 

63. Dm Bmc, lost. M4t4orol. des Pays-Bas. Caract^e magnMque de chaguejour 

dee moia jiUllet-eeptem^ 1936. 4 pp., and preceding issues, Tfith annual 
summaries, published since 1906 under the auspices of the Ckunmission 
of Texx. Magn. and Atm. Eleotr. of the Intemat. Meteorol. Organization. 
The dates of the five selected disturbed days per month, 1906-14, appear 
in the annual summary for 1936, also in Trcma, UdMmrgh MeeUng, 1936, 
p. 440. 

64. Bo Bu/e, Lost. M4t6orol. des Pays-Bas. Oarac^eruxm^rigve des yours. Tome 

20. Juillet-septembre 1936. 20 pp., and preceding issues since 1930. 

65. G. VAN Dijk,‘M agnetic character of each day of the year 1906% Terr. 

13, 36-7 (1908) and following years; since 1909 also in Meteorologiaehe 
Zeitaohr. 28, 130 (1911) and following years. 

66-72. International Union of Geodesy and Geophysios. Association of Terres¬ 
trial Magnetism and Electricity. 66. BulL No. 10. TranaacHona oj the 
SJdmburgh Meeting, 1936. Edited by B. La Coub. 458 pp. Copeochagen, 
1937. 67. Bull. No. 9, Aaaemblde de Liahonne, 1933. Oopenhagen, 1934,— 
68. TJnion g4od4s. gdophys. Latemat., Section de Magcdtisme et ifilectr. 
Terrestres, Bull. No. 8, Oomptes Bend/ua, Aaaemhlde de Stockholm, 1930. 
Publics par C. Mattsain. Paris, 1931. Previous Bulletins: 69, No. 1, 
Brussels, 1919; 70, Nos. 2-3, Borne, 1922; 71, Nos. 4-5, Madrid 1924; 
72, Nos. 6-7, league, 1927. 

73-82. Secretariat de rOrganisation Meteorologique IhtemationaJe. No. 29: 
Oonjirence dea Directeura d Varaovie, 1936. Tomes 1 et 2, Leyden, Ed. 
Ijdor, S.A., 1936 and 1937; No. 30: Oommiaaion deMagnitiame Terreatre et 
de VJSlectrioUi Atmoaphirigw. 94 pp., 1936.—New issue of ooUection of 
resolutions (codex) in preparation.—^Previous conferences: 74, Paris 1896; 
75, Bristol 1898; 76, Paris 1900; 77, lonsbrnck 1905; 78, Berlin 1910; 79, 
TJtrecht 1923; 80, Zfirich 1926; 81, Copenhagen 1929; 82, Lmsbruoik 1931. 

83. Secretariat de ^Organisation M4t4orologique Ihtemationale. Nos. 6, 10 et 

16. Troia rapporta de la Oornmiaaion Internationale de VAmUe Polaire 
193Z-33, Procka-YerboMX dea Sianoea deLeningrad (1930), Ininahruck (1931), 
Oopenhagen (1933). 

84. Mitteihmgen der internationakn Potar^Oommiaaion. Itedigiert von H. Wild. 

No. 1-110. 334 pp. K. Akademie d. Wise. Petersburg, 1882-^. 

85. ‘Programm der Ihtemationalen Erdmagnetischen Cooperaticni fur SM- 

polarforschung 1902-03% Terr. Magn. 6, 49-58 (1901); 7, 1-8 (1902). 
86-9. International Besearoh Council. Reports of the Commission appointed 
to further the study of Solar and Terrestrial Relationships. 86, First 
Rep. 1926; 87, Second Rep. 1929; 88, Third Rep. 1931; 89, Fourth Rep, 
1936; Fifth Rep. 1939. 

90. Intemational Astronomioed Union. Oharacter Figwrea of Solar Phenomena. 
Published by the Ei d genOas i soh e Stemwarte Zurich (W. Bbunnbcb). Yol. 1 
(for 1923-8), 1932; vol. 2 (for 1917-22), 1933; vol. 3 (1928-33), 1934. 
Quarterly BuUetios. 

8fi96.aon; gp 



944 BIBLIOGRAPHY [G 91- 

91. W. Brttnotb, Astronomische Mitteilungm. (Eidgen. Stemwarte in Zurich.) 

AruniaUy, 

92. Gh'eenmch Photc-HeliograpMcRemlU, Results of Measures made at the Royal 

Observatory, Greenwich, of photographs of the sun taken at Greenwich, 
the Cape, and Kodaikanal in the Year 1934. 57 pp. London, H.M. 
Stationery Office. Annual Volumes. 

93. W. Da-Vis, ‘ Cosmic-Data TJrsigrams Transactions American Oeophys. Union, 

1935, pp. 41-9. 

EXPEDITIONS 

94. British Polar Year Expedition, Fort Rae, V.TT. Canada, 1932-43, Vols. 1 

and 2. London, Royal Society, 1937. Contains ‘Terrestrial magnetism 
and aurora’, by J. M. Stago, 1, 127-308. 

96. C. Chree, British (Terra Nova) Antarctic Expedition 1910-1913. Terrestrial 
Magnetism, 648 pp. London, Harrison <fc Sons, 1921. (The magnetic 
observations were made by G. C. SiMESoisr.) 

96. E. voisr Drygalski, DeiUsche Sudpolar-Exp^ition 1901-1903. ‘Erdmag- 

netismus ’, bearbeitet von F. BmiJirGMATim, F. und J. Bartels, P. Neuoe. 
Bande 6 und 6, und Atlas. Berlin, W. de Gruyter & Co., 1907-26. 

97. K. Berkelatstd, ‘Expedition Norvdgienne de 1899—1900. R6sultats magn^- 

tiques’, Vid^Jc, Shrifter, I. Mat, nalurv, Kl, 1901, pp. 1-80. Christiania, 
1901. 

97a.- Norwegian Aurora Polaris Expedition, 1902-3. Vol. 1. On the cause 

of magnetic storms and the origin of terrestrial magnetism. 1st and 2nd 
Sections. 801 pp. Christiania, H. Aschehoug & Co., 1908 and 1913. 

98. H. U. Sverdrup, ‘Magnetic . . . and Auroral Results, Maud Expedition, 

1918-1925.* Researches Dept. Terrestrial Magnetism (Carnegie Inst- 
Washington Publ. No. 175), 6, 309-624 (1927). 

99. National Antarctic Expedition lOOl-Oi, Magnetic Observations. London, 

Royal Society, 1909. 

100. O. Ven'SKe, Die erdmagnetisohen Beohachtungen von Dr, Filchner in China 

und Tibet, 1926-28, Preuss. Meteorol. Inst., Abhandl. 9, Nr. 7 (VerOfi. 
Nr. 379). Berlin, J, Springer, 1931. 

101. Australasian Antarctic Expedition, 1911-14:. Scientific Reports, Series B. 

Yol. 1, Terrestrial Magnetism, by E. N. Webb and C. Chree. 286 pp.; 
vol. 2, Magnetism and aurora, by Doitglas Mawsoh and C. Chree. 
331 pp, Sydney, A. J. Kent, Govt. Printer, 1926 and 1929. 

102. Norwegian Arctic Expedition in the Qjoa 1903-06 (R. Amundsen). Parts 1, 2, 

3. Geofys. Publ., 6 (1932), 7 (1933), 8 (1930). 

103. G. S. Ljtogdahl, ‘Die magnetischen Arbeiten wahrend der Arktisfahrt des 

LuftschifFes “Graf Zeppelin” 1931’, Petermanns Qeograph, Mitt., Ergfin- 
zungsheft No. 216, pp. Sl-'J (Gotha, 1932); Terr. Magn. 36, 361-6 (1931). 

104. J. Lugeon, C. Oe etkie wioz, et W. Lysakowski, Rdsultats des obs. de Vexp. 

polonaise de VAnniePolaire 1932133 d ITsle des Ours. Fascic. 2. Magndtisme 
terreetre. 73 pp., 33 pis, Yarsovie, Inst. Nat. M4tdorol. de Pologne, 1936. 
106. AnrUe Polaire IrUernsiionale 1932—1933, Participation Frangaise. Tome I. 
Introduction, magn^tisme terrestre, auroras polaires, etc. 413 pp. Paris, 
Gauthier-Yillars, 1936.—^Tome II, containing, inter aha. Earth-current 
observations. 269 pp. Paris, 1938. 

106. R. Kanitsohelder und M. Toperozer, ‘Erdmagn. Beob. der 6sterreichi- 
Bchen Jah Mfiiyen-Expedition im Polarjahre 1932-1933’, Sitz.-Ber. Alcad, 
Wiss. Wien, H a, 144, 617-69 (1936). 



945 


2.5] BIBLIOGBAPHY 

107. C. Cheee, Magnetic observations made at the '/Southern Cross ^ Antarctic Expe¬ 

dition, 1899-1900, at Gape Adare, 36 pp. London, Boyal Society, 1903. 

108. Swedish Polar Year Expedition, Sveagir&van, Spitzbergen, 1932-3, General 

Introduction, Terrestrial Magnetism, by F. Lindholm. Publ. by Swedish 
Nat. Comm, for Geodesy and Geophysics. 77 pp. Stockholm, 1939. 

CHAPTER I. GENERAL PRINCIPLES 

1. J. H. Jeans, The Mathematical Theory of Electricity and Magnetism, Cam¬ 

bridge TJniv. Press. 

2. F, Axjerbaoh, Modem Magnetics. Translated by H. C, Booth. 306 pp. 

London, Methuen, 1926. 

3. H. Gbigeb and K. Soheel, Handbuch der Physik, Bande 16 imd 16 (Mag- 

netismus, etc.). Berlin, J. Springer, 1927. 

4. L. Gbaetz, Handbuch der Elektrizitat und des Magnetisrmcs, Band 4, pp. 

1-392. F. Atjebbaoh, ‘Magnetismus’. Leipzig, J. A. Barth, 1913 and 1916. 
6. 0. V. Attwees, ‘Magnetische und elektrische Eigenschaffcen des Eisens 'und 
Stahls ’, from Gmeun’s Hardhuch der anorganischen Ghemie, 8. Auflage, 
System Nr. 69, Eisen, Teh A, Lief. 7 and Teil D. 696 pp. Berlin, Verlag 
Chemie, 1937. 

6a. -‘Ferromagnetismus’, Erg. exaht, Naturwiss. 16, 133-82. Berlin, J. 

Springer, 1937. (A review.) 

6. E. Gttmlioh,‘M agnetisierbarkeit,etc.’,inLA3srDOiiT-B6BNSTEiN,P/i2/a^Wi5c/t- 

Ghemische Tabellen, Band 2, pp. 1188-98. Berlin, J. Springer, 1923. 
Erg&nzungsband 2, pp. 1137-42 (1931). 

7. M. Esohbnhagbn, Terr. Magn. 1, 67 (1896); footnote introducing the unit 

gamma. 

8. S. Chapman, *On methods of representing the distribution of magnetic 

force over the Earth’s surface’, Geogr. Joum., London, 53, 166-72 (1919). 

9. A. M, Aemoto, ‘Industrial magnetic materials for steady fields’, The Elec¬ 

trician, 105, 304-7 (1930). 

10. A. E. EIennelly and J. BAHTSiiS, ‘Notes on magnetic units’, Terr. Magn, 
37, 447-64 (1932). 

CHAPTER II. MAGNETIC OBSERVATIONS 
Paet a 

1. C. F. Gauss, Intensitas vis magneticae terrestris ad mensuram absolutam revo- 

cata. 1832. Reprinted in Werke, 5, 79-118, GSttingen, 1877. 

2. G. Angenheistbb, ‘Erdmagnetische Messungen’, in H. Geiger und K, 

Scheel, Handbuch der Physik, Band 16, pp. 764-95. Berlin, J. Springer, 
1926. 

3. D. L. Hazabb, Directions for Magnetic Measurements. 129 pp. U.S. Dept. 

of Commerce, Coast and Geodetic Survey, Serial No. 166. Washington, 
Govt. Printing 0£6loe, 1930. 

4. J. A. Fleming, ‘Intercomparison of magnetic standards and control of 

standards ’. Edinburgh Meeting, 1936. Int. Union of Geod. and Geophys., 
Ass. of Terr. Magn. Electr., Bull. No. 10, pp. 241-8. Copenhagen, 1937, 

5 . -‘Report... on the distribution of.. . magnetic observatories’. Trans. 

Edinburgh Meeting, 1936; Int. Union Geod. and Geophys., Ass. of Terr. 
Magn. Electr., BuU. No. 10, pp. 164-74. Copenhagen, 1937. 



946 


BIBLIOGBAPHY 


[2.6- 


6. G. VON NETJMAyEB, AnUitung zu luissenschaftlichen Beobachtungen auj 

Reisen, 3. Aufl., Band 1. Max Janecke, Hannover, 1906. (Contains: 
Nettmaybb nnd Edlbb, ‘Anleitung zu magnetischen Beobachtungen an 
Land’, pp. 387-457; Fb. Bidlingmaiee, . an Bord’, pp. 458-97.) 

7. O. Vbnskb, ‘Ein Verfahren zur Bestimmung der Inklination vermittelst des 

Ihduktionsinklinatoriums ’: Nachrichten K. Gesellsch, Wisa. Qdttingm, 
Math.-phya. Kl., 11 pp. (1909); Bericht iiber die Tatigheit dea Preuaa. 
MeteoroL Inat, vm Jahre 1924 (Veroff. Nr. 327), pp. 91-6 (Berlin, 1925); 
Geophya.Gf 248-51 (1930). 

8. H. E. Dobsey, ‘The theory of the Earth inductor as an inclinometer’, Terr. 

Magn. 18, pp. 1-38 (1913). 

9. J. A. FiiEMiNG and J. A. WroimB, ‘Description of the C.I.W. combined 

magnetometer and earth inductor’, Terr. Magn. 18, 105-10 (1913). 

10. B. Book, ‘Ein neuer Schulzescher Erdinduktor’, Z. f. Instrumentenhunde, 

52, 86-6, 200 (1932). 

11. E. A. Johnson, ‘Application of alternating-current methods of detection to 

earth-inductors for marine and land observations’, Terr. Magn. 41, 251- 
60 (1936). 

12. B. Book, ‘Ein neuer magnetischer Hormaltheodolit’, Z. f. Inatrumenten- 

hunde, 48, 1-14 (1928). 

13. H. BLA-TTSSiyrANN, ‘Der Magnettheodolit von Esohenhagen-Tesdorpf’, Z. f. 

ImtrumenteriJcuride, 26, 1-15 (1906). 

14. Tokyo Hydrographic Dept., ‘Report on the Nippon Stdrolu magnetometer’, 

Japan. Joum. Astron. Qeophya. 7, 126-45 (1930). 

15. H. E. MoComb and C. Htitk, ‘The magneto-chronograph and its applica¬ 

tion to magnetic measurements’, Terr. Magn. 34, 123-41 (1929). 

16. B. Book, ‘tJber Temperaturkoeffizienten von Magneten’. Preuss. MeteoroL 

Inst. Berlin, Bericht uber die TdtigTceit im Jahre 1927^ pp. 114-18 (Berlin, 
1928). 

17. O. Venskb, ‘Einige Beobachtimgen mit einem neuen magnetometrisohen 

Apparat iiber die Veranderlichkeit des Induktionskoefi&zienten von Mag¬ 
neten’. Preuss. MeteoroL Inst. Berlin, Bericht vher die Tdtigkeit im Jahre 
1912, pp. (139)-(146) . .im Jahre 1913, pp. (54)-(61). 

17a, G. S. Ljungdahl, ‘On certain sources of error in determinations of mag¬ 
netic declination’, Terr. Magn. 34, 73-6 (1929), 

176. J. H. Nelson, ‘An electromagnetic method of determining induction- 
coefficients of magnetometer magnets’, Terr. Magn. 43, 169-66 (1938). 

18. G. Fansexatj, ‘Ein neuer SchTnngungsmesser’, Z. J. Geophyaik, 9, 93-8 

(1933). 

19. - ‘Einhuss mitschwingender Liaft bei magnetischen Schwingungsbeob- 

achtungen’, Z.f. Geophyaik, 12, 57-62 (1936). 

20. A. BtTBGEB, Vber die Art und Groaae der Fehler . . .hei Schunngungaheohach- 

tungen. 31 pp. Diss, Univ. Berlin, 1936. Berlin, Beinhold Kuhn. 

20a. J. Vhldkamp, ‘The influence of the surrounding air upon the time of 
vibration of a magnet’, Terr. Magn. 44, 267-8, 404 (1939). 

21. W. KtiHii, ‘Magnetische Nachwirl^g bei gebunden aufbewahrten Mes- 

sungisanagneten’. Preuss. Meteor. Inst. Berlin, Bericht iiber die Tdtigkeit 
im Jahre 1912, pp. (147)-(162), (1913). 

22. A. SoHusTBB, ‘On a new method for determining the earth’s horizontal 

magnetic forces’, Terr. Magn. 19, 19-22 (1914). 



947 


2.34] BIBLIOGRAPHY 

23. S. J. Babnett, ‘A sine galvanometer for determining in absolute meaaiire 

the horizontal intensity .. Beaearcihes Dept, Terr. Magry. Carnegie Inst. 
4, 373-94, Washington, 1921; Abstract, Phys. Beview^ 19, 426-7 (1922). 

24. F. E. Smteh, ‘On an electromagnetic method for the measurement of the 

horizontal intensity of the Earth’s magnetic field’, PMl. Tram. London 
(A), 223, 175-200 (1922). 

26. D. La Cotjb, *A vertical intensity magnetometer’, Terr. Magn. 31, 163-6 
(1926); 32,‘ 16 (1927); Fyaiah Tidaahr. 25, 101-14 (Kopenhagen, 1927). 

26. BjsLOE PsimsiENr et D. La Cottb, ‘Contribution k la th^orie de I’intensio- 

m6tre magn4tique It I’induction mutuelle de D. La Cour’, Commun. 
Magnet. No. 9. 4 pp. Copenhagen, 1930. 

27. D. W. Dye, ‘ Comparison measurements between the Abinger and the N.P.L. 

Standard Horizontal Force Magnetometer’, Terr. Magn. 31,177-86 (1926). 

28. W. E. W. Jaoesok, ‘The Aginoourt Schuster-Smith coil-magnetometer’, 

Terr. Magn. 37, 79-82 (1932). 

28a. L. F. Bates, ‘A new apparatus for the measurement of the earth’s magnetio 
field’, Proc. PhyaicaZ Society London^ 45, 180-93 (1933). 

286. E. A. Johnson, ‘A primary standard for measuring the earth’s nciagnetio 
vector: 1. Theory’, Terr. Magn. 44, 29-43 (1939).—(The new magneto¬ 
meter consists of a Hdmholtz-Gaugadn coil which provides a standard 
field opposed to that component of the earth’s xnagnetic field which is to 
be measured, and a rotatiog coil used as a null detector.) 

29. Ordnance Survey OfGlce, A portcMe Magnetometer of the rmU type^ London, 

H.M. Stat. Off., 1930; Terr. Magn. 33, 266 (1928). 

29a. - The MagnetO’-TheodoUte. 12 pp. London, H.M. Stat. Off., 1937. 

30. D. W. Dye, *A magnetometer for the measurement of the Earth’s vertical 

magnetic intensity in Q. G. S. measure’, Proc. Boy. Soc. London (A), 117, 
434-68 (1928). 

30a. W. M. H. Gbeaves and W. M. WitoheiIi, ‘Coil-magnetometer and earth- 
inductor—a comparison of results obtained at the Abinger magnetic 
station of the Greenwich Royal Observatory’, Terr. Magn. 43, 137-8 
(1938). 

306. E. A. Johnson, *A design for a travelling electromagnetio standard.^ To 
appear in Tram. Washington Aaaembly, 1939, Inst. Aaaoo. Terr. Magn. 
Electr. 

31. N. Watanabe and T. ELawajidea, ‘The measurement of the honzontal 

intensity ... portable dectric magnetometers’, Japan. Joum. Astronomy 
and Geophysics, 1, Nr. 6, pp. 191-206 (Tokio, 1924). 

32. W. IJxiiJANiN, ‘Elektrische Methode zur Bestinnnung von H’, Terr. Magn. 

24, 118-31 (1919). 

32a. T. Beown, ‘Cormeotion of underground and surface surveys by direction¬ 
giving instruments’, Trans. Inst. Mine Swrveyora, Dec. 1931, pp. 39-63. 
326. Robebt H. Cole, ‘A magnetic field meter’, Bev. Sd. Instrvm. 9, 215-17 
(1938).—(A direct-current generator with a very small coil is driven by a 
synchronous motor; the induced current is measured.) 

33. W. Thomson (later Lord Kelvin), ‘Terrestrial Magnetism and the Mariner’s 
Compass’, Popylar Lectures and Addresses, 3, 228-336. London, Mac¬ 
millan & Co., 1891. 

-‘Archibald Smith, and the magnetism of ships’. From the ‘Obituary 

Notices’, Proc. Boy. Soc. London, 1874; Reprinted in Math, and Phys. 
Papers, 6, 306-34, Cambridge Dniv. Press, 1911, 


34 . 



948 


BIBLIOaRAPHY 


[2.36- 


36. W- Thomson" (later Lord Kelvin), ‘A mathematical theory of magnetism’, 
Fhil, Trans. 9 London, 1849 aa(il 860 ;Reprintof papers on electrostatics 
and magnetism, pp. 340-587. London, Macmillan & Co., 1872. 

36. J. A. PuajMiNa, ‘Description of the C. I. W. Marine Earth Inductor’, Terr. 

Magn. 18, 39-46 (1913). 

37. F. BmiirnGMAJER, ‘Der Doppelhompass’, in E. von Drygalski, Deutsche 

Sildpolm-Expedition 1901-1903, Band 5, 104 pp. Berlin, Georg Reimer, 
1907.— Ann. d. Hydrographie, Hamburg, 35, 198-213 (1907). 

38. G, Fajs-sblatj and M. Gbotewahl, ‘Doppelkompass’, Terr. Magn. 35, 

226-9 (1930). 

39. G. Fanselaxt, ‘Doppelkompass’. Preuss. Meteorol. Inst., Beriekt iiher die 

Tdtigheit im JaTvre 1930, pp. 186-93 ; . . .im Jahre 1932, pp. 132-6. 

40. L. A. Baubb, W. J. Peters, and J. A. Fleming, * The Compass-Variometer 

Besearchea Dept, of Terrestrial Magnetism (Carnegie Inst. Washington 
Publ. 176), 5, 339-68 (1926). 

41. L. A. Batjbb and J. A. Flbmino, ‘The C. I. W. deflector for determining 

H and D at sea’, Terr. Magn. 18, 67-62 (1913). 

42. F. J. Evans and A. Smith, AdmiraUy manual for the devialions of the com¬ 

pass, 7th ed., revised. 220 pp. London, H.M. Stat. Off., 1920. 

43. H. Mbldatt, ‘Der Kompass an Bord eisemer Schiffe ’, Enzyhlopadie d. math. 

Wiss. Band 6, Teil 1, pp. 320-72. Leipzig, B. G. Teubner, 1909. 

44. -‘Einige Erganznngen der klassischen Deviationstheorie’, Terr. Magn. 

37, 309-16 (1932). 

44a. A. SoHMXDT [G 10] gives references to Poisson and the treatises of Bergen 
and Bidlingmaier [G 96, vol. 6], which deal with the deviation for aU 
magnetic elements. See also [6]. 

46. Th. Vahlbn, Deviation und KompensaMon. 188 pp. Braunschweig, Fr. 
Yieweg & Sohn, 1929, and farther papers criticizing Poisson’s classical 
theory of deviation in Deutsche Math, 1, 40-4 (1936); 8itz.-Ber. Ahxd. 
Wiss. Berlin, Phys.-Math. Kl., 1938. 

46a. O. von A u w ebs, ‘tJber die Giiltigkeitsgrenzen des Deviationensatzes von 
Poisson’, Porschungen und Fortschritte, 15, 234-6 (1939). 

46. W. J. Peters, ‘Tilting deviations in magnetic declinations’, Terr. Magn. 34, 

93-116 (1929); 39, 203-7 (1934). 

47, K. H- Hbok and W, E. Pabeeb, Instrtictions for the compensation of the mag- 

netic compass. TJ.S. Dept. Comm., Coast and Geodetic Survey, Spec. Puhl. 
96. 49 pp. Washington, 1923. 

48. W. Immxbe, ‘Der Flugzeugkompass’, Ann, d. Eydrographie, Hamhurg, 59, 

113-24, 277-92 (1931); 62, 269-66 (1934); 63, 241-4 (1936). 

48a. C. S. Dbateb, W. H. Cook, and Walter McKay, ‘Northerly turning 
error of the magnetic compass for aircraft’, J. Aeronaut. Sd. 5, 346-64 
(1938). 

486. P. R. BQbyl and L. J. Bbigos, ‘The earth inductor compass Proc. Amer. 
PkU. Soc. 61 , 15-32 (1922). 

48c. Ross Gtjkn, ‘An improv^ induotor-oomposs’, Terr. Magn. 42, 363-6 
(1937). 

49, H. MELEai, ‘2ur Normung von Kompassrosen’, Ann. d. Hyd/rographie, Ham¬ 

burg, 60, 483-6 (1932). 

60. W. J. Peters, ‘The distribution of mass in marine compasses Terr. Magn. 
37, 317-20 (1932). 

60a. H. S. Jones, ‘Theroyal research ship Research^ Mature, 138, 230-2 (1936). 



2.70] 


BIBLIOGRAPHY 


949 


60b. J. A. Edgbll, ‘The non-magnetic R.R.S. Research^ Terr* 43♦ 

389-92 (1938), 

61. B. Stewabt, ‘An.account of the construction of the . . . KeTT magneto 

graph’, Report Brit Assoc, for 1859, pp. 200-28. ^ iirid 

62. A. SoHMiDT, ‘ Ein neuer Apparat zur photographischen Registrienmg 

gleichzeitigen Skalenheohachttiiig; die magnetisohen 
mente des Seddiner Ohservatoriums Z.J. InatrumentenJcwidef 2^* ^ 

(1906); 27, 137-47 (1907); Ergebn. d. magn. Beob. in Potsdamr -w. SeOcCzn 
im Jahre 1908, pp. 34-42 (Preuss. MeteoroL Inst. Berlin, 1910), 

63. - ‘Zur Kritik und Praxis der Variationsbeobachtungexi*- 

MeteoroL Inst. Berlin, Bericht ilber die Tdtigkeit in den Jahr&n 1017'^X t 
pp. 74r-80 (1920). 

64. F. E. Smict:, ‘A magnetograph for measuring variations in H*, JProOn JrnyB* 

Boo. Lond<m, 26, 279-91 (1914). 

66. D. La Cohb and V. Laubsen, *Le variomtoe de Copenhagno’- Cormiw/n* 
Magnit No. 11, pp. 1-11. Copenhagen, 1930. 

56. D. La Coub, ‘La balance de Godhavn*. Commun. Magnet l^o* B, 28 pp* 

Copenhagen, 1930. 

57. D.LaCotjb et J. Olsbit, ‘Contribution 4 la connaissanoe du oompoirtenneJat 

des variom^tres modemes ... 4 Godhavn’. Cowtn/un. No. 17* 

13 pp. Copenhagen, 1936. ^ 

58. S. E. Fobbush, ‘Some practical aspects of the theory of tlie ■unifllar 

variometer’, Terr, Magn, 39, 136-43 (1934). 

59. H. E. MoOomb and A. E. Ltjdy, ‘Temperature-compensation and adjxi»t- 

ment of magnetic variometers’, Terr, Magn, 35, 29-34 (1930). 

59a. B. M. Janowskt, * Temperatiare-compensation of the imifilar by means ox 
thermaUoy’, Terr. 43,143-7 (1938), 

60. W. Watson, ‘A quartz-thread vertical force magnetograph % JPhM* 

London, April 1904; Joum. Bdent, Instr. 3, 156—7 (1926). 

61. G. Anoenhbistbb, ‘Magnetische Waage mit Fadenaufhangung’, 3. f* Obo^^ 

pJvysih, 2, 43-4 (1926). 

62. N. H. &OK and J. A. EiBMiNa, ‘Improvements in magnetographe aand 

variometers’, Trans, American Geophys. Union 1926 (Bull. Nat, TteaeoroH 
Council, 11, No. 2), pp. 79-86 (1926). 

63. H, E. MoComb, ‘The sensitivity of magnetic variometem’, Terr* Magn,* 33 1 » 

65-78 (1928). 

64- J. PiOHT, ‘tJber die Optik bei Registrierapparaten’, Z, f, G/-eop^hyB%kp 8# 
265-6 (1931); Z,f, Instruinentenhunde, 51, 574-8 (1931). 

65. H, E. MoComb, ‘Improvements in magnetic instruments and metboda 

adopted by the Coast and Geodetic Survey *, Terr. Magn. 37, 321—8 (1932) * 

66 . W. G, Cady, ‘A direct recording declinograph’, Terr. Magn*. 11., 145—8SI 

(1906); Bigs. Z. 7, 710-13 (1906). 

67. H. E, MoComb, * A new method of marking time on magnetograms \ Tmr^ 

Magn. 33, 159-61 (1933). 

68. A, G. MoNisb:, ‘A new type of vertical-intensity induction--voriometw^^ 

Terr. Magn, 41, 161-72 (1936). 

69. W. N. MoFabxaot, ‘Direct scaling of absolute magnetic values*, ^Terr# 

Magn. 31,89-96 (1926). 

70. O. Vbjnskb, ‘Einige neue Waagenmagnet-Konstruktionen *, P^peuuwi. 

MeteoroL Inst. Berlin, Ver5ff. Nr. 380, Bericht uber die Tdtigkeit im Ja^hm 
1931, pp. 182-6 (1931). 



BIBLIOGBAPHY 


950 


[2.70a- 


70a. Gboegb BUetnell, ‘A year’s comparisoa of two JZ variometers of the 
knife-edge type’. Gen. BibL ref. 66, pp. 307-19 (1937). 


71. A. So HiOD T, ‘Bine photographische Registriereinrichtung mit weiter Zeit- 

skala hei sparsamem PapierverbrauchPrenss- Meteorol. Inst. Berlin, 
Veroff. Nr. 335, Bericht aber die Tdtigkeit im Jahre 1925^ pp. 38-45 (1926). 
71a. B. Book, ‘Znr Prage der scheinbaren Portpflanzimgsgeschwindigkeit erd- 
magnetischer Storungen’, Terr. Magn. 31, 129-31 (1926). 

72. D. La Cotjb, ‘Enregistrenr 4 marche rapide de l’Ann6e Polaire’, Seer, de 

I’Orgams. M4t^orol. Int. No. 10b, App. J, Comm, de Magn. Terr, et fil. 
Atm. Proc^s-Verbaux, Innsbruck, 1931, pp. 275-6. 


73. H. Ebbet, ‘Magnetic Pulsations of short period’, T&rr. Magn. 12, 1-14 

(1917); a revised translation from JSitz.-Ber, Bayer. Ahad. Wise. Mimchen, 
36, 527 (1906). 

74. A. PonoBB, ‘XJntersucbnng der mikromagnetischen Oszillationen in Ztii 

(Irkutsk) mit Hilfe der Induktionsspule Gerlands Beitrdge z. Oeoph/usih. 
17, 232-42 (1927). 

74a. PTatt taeo Nagaoka and Tsthnbto Ikebb, ‘Magnetograph for exarmhing 
sudden changes of magnetic field’, Proc. Imp. Acad* Jap. 13, 30—3 
(1937). 

75. M. BiOSSigbb, ‘Die Anfzeichnnng der erdmagnetischen Elementarwellen 

mittela des Kriechgalvanometers*, /. Cfeophysik, 11 , 75-82 (1935). 

76. H. AsoHENBEEisrasTBE und G. GoxJBAxr, ‘Bine Anordnung zur Begistrierung 

rascber magnetiscber StSnmgen’, Rochfrequenztechnih und Elektroahuetih^ 
47, 177-81 (1936). 

76a. G. L. Ttjenet and G. E. Oottsins, *A portable direct-reading magneto¬ 
meter , J, Sci, Instrv/m. 15, 360—7 (1938). (The geomagnetic field com¬ 
ponent along a wire of mu-metal is measured by the change produced in 
the resistance of the wire for alternating currents. Accuracy about 100 y ,) 

77. D. La Coub, ‘Sur I’erreur moyenne des moyennes mensuelles ... 4 Fobs, de 

Bude Skov’. Commun. Magnet. No. 1. 33 pp. Copenhagen, Met. Inst., 
1927. 

78. A. Schmidt, ‘EinMangel der erdmagnetischen Jabrbucher’, Terr. Moow. 25, 

65-71 (1920). ^ 


ftA* A* ‘Geophysical stereograms’, Terr. Magn. 36, 187-98 (1931). 

80. A. W. Judge, Stereoscopic Bhotography, its application to science, industry, 

education. 2nd edition. 340 pp. Chapman & Hall, London, 1935. 

81. i£. Luykeit, *Der Pantograph fur Registrierkurven von Schmidt*, Z. f, 

Instrumervtenhunde, 29, 1-14 (1909). 

82. A, Sct^t, ‘Bin photograpbisches Verfahren zur afiSnen Transformation 

VergrOsserungs- und Yerzerrungsverh&ltnis’, Bhys. Z. 11, 

Ov—»> (1910). 

83. W. J. Piims and J, W. Gkben, ‘A photographic method of changing 

” codmate-soale to ahscissa-scale’, T&r. Magn. 36, 99-104 


83o. D- La Cotjb and E. Hogb, ‘Note sur les eiBfets de r^leotrification du 
ehemm de f« ^ant dans le voiainage de I’ohservatoire magndtique de 
penha^e. Qm. BiU. ref. 66, 302-6; also Conununioatioiis ’VT.fnnA . 
taques (Gen. Bibl. ref. 33) No. 18, Copenhagen, 1937. 



2.97] 


BIBLIOGRAPHY 


951 


Part B 

84. A. SoHMiDT, ‘tJLer die Bestmmiuiig des allgemeinen Potentials beliebiger 
Magnete und die daranf begriindete Berechnung ihrer gegenseitigen Ein- 
wirkung’, Sitz.-Ber, Preuss. Ahad. Wis$. Berlin^ Phy8,-Math, KL, 1907, 
PP* 306”"22. 

86. -‘tiber die gegenseitige Emwirkimg zweier Magnete in beliebiger Lage 

Terr. Magn. 17, 181-232 (1912); 18, 66-70 (1913).—A comprehensive 
theory of the interactions of two magnets. 

86. - *Nene Formeln zur Berechnttng der gegenseitigen Wirkung zweier 

Magnete anf einander’, B&richt uher die Tdtigheit des Prema. MeteoroL 
Inat. m den Jahren 1920-23 (Veroff. Nr. 320), pp. 61-6 (Berlin, 1924). 

87. -‘tJber die Bestimmung der Parameter von Stabmagneten’. Preuss. 

Meteorol. Inst. Berlin, Bericht iiber die Tdtigkeit im Jahre 1926, pp. 42-68 
(1927). 

88. -*t5ber die Bestimmung der Parameter von Magneten auf galvani- 

schem Wege Preuss. Meteorol. Lost. Berlin, Bericht uher die Tdtigheit im 
Jahre 1929 (VerOff. Nr. 372), pp. 119-37 (1930). 

89. R. Book, *t)TDer die Schmidtsche Methode der Bestimmung der Parameter 

von Stabmagneten’, Z.f. Geophysik, 4, 227-36 (1928). 

90. A. SoHMiDT, ‘tJber schematische Magnete’, Terr. Magn. 29, 109-12 

(1924). 

91. G. FANSBLATr, ‘Parameter eines Magneten’, Z. f. Geophyaih, 6, 268-62 

(1930). 

92. 0. BObobn, ‘Ueber eine neue Methode zur Bestimmung des Polabstandes 

eines Magnets’, Ann. d. Hydrograpkie, Hamburg, 19, 49-67, 93-102 
(1891); Terr. Magn. 7, 91-2 (1902). 

92a. Fb. Kohlbaxjsch, ‘tJber die Berechnung der Femwirkung eines Magnets’, 
Ann. d. Phyaik, 31, 609 (1887). 

926. H. Netimaiqt and K. Waemuth, ‘Das Aussenfeld permanent magnetisoher 
EUipsoide’, Blehtr. Nachr.-Techn. 14, 168-80 (1937). 

92c. E. A. Johnson, ‘Note on the design of efiS.cient magnets’, Terr. Magn. 44, 
81-3 (1939). (Result; It would appear desirable to replace, whenever 
practicable, tungsten-steel and cobalt-steel magnets with magnets of 
Alnico in those applications in terrestrial magnetism where maximum 
eflfioiency, great stability, and low induction- and temperature-coefdcients 
are desirable.) 

93. H. Nagaoka, ‘Magnetic forces of coils’, PMl. Mag. 41, 377-88 (1921). 

94. R. Book, ‘tJber die Homogenit&t des magnetischen Feldes in der Helmholtz- 

Gaugainschen Doppelkreisanordnung’, Z.f. PhysiJc, 54, 267-9 (1929). 

96. G. Fanshlau, ‘Die Erzeugung weitgehend homogener Magnetfelder duxch 
KreisstrOme’, Z.f. Phyaik, 54, 260-9 (1929); Tables for calculating the 
field of coils in Terr. Magn. 38, 277-82 (1933). 

96a. W. Bbaitnbkok, ‘Die Erzeugimg weitgehend homogener Magnetfelder 
duroh EIreisstr6me’, Z.f. Phyaik, 88,399-402 (1934). For 966, seep, 1006. 

96. D. La Cotjb, *Le quartz-magndtomtoe QHM’. Commun. Magnet. No. 15, 

22 pp.; No. 16 (with E. Sxtoksdobtp), 11 pp. Danish Meteorol. Inst., 
Copenhagen, 1936. 

97. -‘Description des deux magn^tomtoes BM et QHM’. Comptes Rendus 

Assembl4e de Lisbonne, Union G6ophys. G6od. Intemat., Ass. Magn. 
filectr. Terr., Bull. No. 9, pp. 269-60. Copenhagen, 1934. 

3696.30 II 3 0 



962 


BIBLIOGRAPHY 


[2.98- 


98. O. Venske], ‘Normale der Direktionskrafb tind ihre Anwendung’. Preuss. 

MeteoroL Inst. Berlin, Veroff. Nr. 396, Bericht iiber die Tdtigheit im Jahre 
m2, pp. 130-1 (1933). 

99. G. W. W-AXKEE, ‘A portable magnetometer for magnetic surveying’, Proc. 

Boy, jSoc. London (A), 92, 313-20 (1916). 

100. M. Rossigbb, ‘Die Messung von JET und Z mit dem Magnetron’, Z,f, Instru- 

mentenJcunde, 49, 105-13 (1929) ;Z,f, Oeophysik, 4, 371-2 (1928). Review 
by G. Bbeit in Terr, Magn, 34, 116 (1929). 

101. C. T. Knipp and L. A. Welo, ‘A Wehnelt cathode-ray magnetometer’, 

Terr, Magn, 20, 53-68 (1915); Phil, Mag, (6) 32, 381-91 (1916). 

102. I. Roman and T. C. Sebmon, ‘A magnetic gradiometer’, Trans, Amer, Inst, 

Mining Metall, Eng, 110, 373-90 (1934). 

103. S, Chapman, ‘The space gradients of the earth’s magnetic field’, Terr, 

Magn, 41, 127-36 (1936). 

103a. A. Bebboth and A. Soheeusbneb, ‘Brdmagnetische Messungen mit Hilfe 
der Drehwaage’, Z,f, Qeophysih, 9, 356-68 (1933). 

1036. E. A. Johnson and W. Steineb, ‘An astatic magnetometer for measuring 
susceptibility’. Review of Scientific Instruments, 8 , 236-8 (1937). 

103c. W. F. Steineb, ‘A method for producing non-magnetic castings of copper, 
brass, and aluminium ’, Terr, Magn, 43, 47-8 (1938). 

103d!. E. A. Johnson and W. F. Steineb, ‘Measurement of susceptibility of 
materials used in magnetometers’. To appear in Trans, Washington 
Assembly 1939, Intern, Ass, Terr, Magn, Electr, 

104. J. A. Fleming, ‘Report of committee to consider existing and desirable 

distribution of magnetic and electric observatories and the better co¬ 
ordination of work and publications of existing observatories’ [G 67], 

105. H. L. CuBTis, E. W. CxJBTis, and C. L. Cbitohpield, ‘An absolute deter¬ 

mination of the Ampere’, J, Res, Nat, Bur, Stand, 22, 486-517 (1939). 

106. W. Watson, ‘The determination of the moment of inertia of the magnets 

etc.’, Proc, PTvys, Soc, London, 19, 130-48; also Phil, J^ag,, July, 1906. 


CHAPTER ni. THE EARTH’S MAIN FIELD AND ITS 
SECULAR VARIATION 

1 . J. R e ban en, G. S. Ljtjngdahl, N. Rose, ‘Report of the Sub-Commission 

on uniformity of magnetic charts ’. Int. Union of Geodesy and Geophysics, 
Assoc. Terr. Magn. and Electr., BuU. No. 10, Edinburgh Assembly 1936, 
pp, 238-40 (Copenhagen, 1937), 

2 . G. S. Ljttngdahl, ‘An attempt to simplify magnetic charts ’, Terr, Magn, 

41,101-4 (1936). 

2 a.-‘Views on the construction of magnetic charts’, Qeograf, Annaler, 19, 

96-102 (Stockholm, 1937). 

3. H, S. Jones, ‘The magnetic variation in the neighbourhood of the north 

pole’. Geograph, Joum, 62, 419-23 (1923). 

4. A. Nippoldt, ‘Karten der Verteilung des Erdmagnetismus und seiner 

drtlichen StOrungen in Europa’, Abhandl, Pr&uss, Meteorol, Inst,, Band 8, 
Nr, 11 (= ArcMv des Erdmagn,, Heft 6). 42 pp,, 4 maps, Berlin, 
1927. 

6 . L. A. Baueb, ‘ Chief results of a preliminary analysis of the earth’s magnetic 
field for 1922’, Terr. Magn, 28, 1-28 (1923), 



3.19a] 


BIBLIOGRAPHY 


953 


6 . L. A. Bauer ‘ On vertical electric ciirrents and the relation between terres¬ 

trial magnetism and atmospheric electricity’, Terr. Magn, 25, 146-62 
(1920). 

7. G. Angbitheister, ‘Die physikalische Natur des erdmagnetischen Peldes’, 

PhysikaL Z. 26, 306-20 (1926). 

7a. J. A. Fleming, ‘The general magnetic field of the earth and its secular 
variation’. Cooperation, in Besearch, Carnegie Inst. Washington^ Publ. 
No. 501, 206-21 (1938). 

8 . W. J. Peters, ‘Results from magnetic east-west paths around the earth’, 

Terr. Magn. 28, 83-8 (1923). 

9. F. W. Dyson and H. Furnbr, ‘The earth’s magnetic potential’. Monthly 

Notices Roy. Astron, Soc. London, Geophys. Suppl. 1, No. 3, pp. 76-88 (1923). 

10. A. Schmidt, ‘Vertikalstrome’, Z.f. Oeophysik, 1, 281 (1924/6). 

10a. C. Maxjbain et Mme de Madinhao, ‘ifivaluation de I’intensit^ des courants 
41ectriques verticaux traversant le sol en France ’, Ann. Inst. Phys. Globe, 
Univ. Paris, 2, 96 f. (1924). 

106. A. Schmidt, ‘Zur Frage der hypothetischen die Erdoberflache durchdrin- 
genden Strome. Mit einem Zusatz von J. Bartels ’, Gerlands Beitr. z. 
Geophys. 55, pp. 292-302 (1939). (The history of the vertical electric 
currents as derived from geomagnetic observations, is discussed. The 
assumption that these currents are not real, but only a consequence 
of remaining errors in the observations, is supported by a detailed com¬ 
parison of these currents for the epochs 1886 and 1922. The nature 
of these errors is discussed.) 

11 . H. W, Fisk, ‘Isoporsandisoporicmovements’. Intemat, Geodet. Geophys. 

Union, Sect. Terr. Magn. Electr., Bull. No. 8, Stockholm Assembly 1930, 
pp. 280-92 (Paris, 1931). 

12 . N. H. Heck, ‘Secular change in the magnetic elements in the United States 

(180 years of decimation and 80 years of horizontal intensity) ’. Intemat. 
Geodetic and Geophysical Union, Section of Terr. Magn. and Atm. 
Electr., Bull. No. 9, Lisbon Meeting 1933, pp. 263-76 (Copenhagen, 1934). 

13. A. Schmidt, ‘Die SSkularanderung der erdmagnetischen Elemente im west- 

lichen Europa wfihrend der letzten Zeit’, Meteorol. Z. 36, 237-40 (1919). 

14 . -‘Das Ratsel der erdmagnetischen Sakularvariation’, Terr. Magn. 37, 

226-30 (1932). 

16. L. A. Bauer, ‘Relation between the secular variation of the Earth’s mag¬ 
netism and solar activity’, Terr. Magn. 23, 1-22, 60-8 (1918). 

16. J. Keranen, ‘On the secular change of the earth’s magnetic force in 

Northern Europe during the period 1910-26’, Ann. Acad. Sci. Fennicae, 
A, 28, Nr, 3. 17 pp. Helsingfors, 1927. 

17. A. Nlppoldt, ‘Die Reichweite einer magnetischen Normalstation’, Gerlands 

Beitrdge z. Geophys. 43, 347-62 (1934). 

18. W. VAN Bemmblen, ‘Die Abweichung der Magnetnadel... bis zur Mitte des 

18. Jahrhunderts’. Batavia R. Magn. Met. Obs. Suppl. to vol. 21 of 
Observations, 1899. 109 pp. 

19. - ‘Die Sakulax-Verlegung der magnetischen Axe der Erde’. Batavia 

Magn, Met. Obs. App. I to vol. 22 of Observaticms, 1900. 30 pp.— Terr. 
Magn. 6, 73-6 (1901); 12, 27-31 (1907). 

19a. A. Schmidt, ‘Uber die erdmagnetische Sakularvariation in Deutschland 
wahrend der letzten Jahrzehnte’, Gerlands Beitr. z. Geophys. 53, 360-7 
(1938). (A new interpretation of Reichs chart (ref. 20).) 




954 


BIBLIOGBAPHY 


[3.20^ 


20. H. Reich, ‘Zut SSJnilarvariatioii der YertilialiiiterLsitat in Deutschland fiir 
die Zeit von 1901--1931’, Gerlands Beitrdge^ Brg.~Hefte z» angewandten 
Geoph/ysik, 4, 373-84 (1934). 

20a. L. A. Baiteb, Beitrdge zur Kenntnis des Wesms der Sdhularvariation dea 
ErdmagnePiarrms. Dissertation Dniv. Berlin. 56 pp. 1895; Amer. Jowm. 
Sci. 50, 109-16, 189-204, 314^26 (1896). 

206. -‘On the secular motion of a free magnetic needle’, Fhys. Rev. 2, 456- 

66 (1896); 3, 34-48 (1895). 

20c. J. Babtbls, ‘Versuch einer analytischen Darstellung des Yerlaufs der 
SaJmlar-Variation im Zeitraum 1902—1920’, Archiv desRrdmctgn., Heft 6 = 
Preuss. MeteoroL Inst. Ahhandl. 8, Nr. 2, pp. 23-44 (VeroiBE. Nr. 332). 
Berlin, 1926. 

20d. H. W. Fisk, ‘Magnetic secular variation and solar activity’. Intermit. 
Research Council. Third Report oj Gorrmdssion on Solar ard Terrestrial 
Relationships, pp. 52-9. 1931. 

20c. B. H. SoHUTZ, Die Lehre von dem Wesen und den Wanderungen der mag- 
netischen Pole der Erde. Berlin, 1902. 

21. G. FoiaHEBAiTBB, ‘Ricerche suUa variazione secolare delP inclinazione 

magnetica tra il VII secolo a. Or.’, Rend. Accad. Line. 8, 69-76, 121-9, 
176-83, 270-6 (Borne, 1899). 

22. J. Koenigsbehgeb, (a) *Zu der Bestimmung des magnetischen Brdfeldes in 

fruherer Zeit aus der Magnetisierung von gebrannten Tongegenstanden 
und von Gesteinen’, Qerlands Beitr. z. Geophys. 38, 47-62 (1933); (6) 
‘Natural residual magnetism of eruptive rooks’, Terr. Magn. 43,119-30, 
299-320 (1938), with extensive bibhography; see also ref. 4.47. 

22a.-‘Stabilitat der magnetischen Thermoremanenz in Tongegenst&nden 

und Gesteinen hei Bestimmungen des magnetischen Erdfeldes in der 
Vergangenheit’, Qerlands Beitr. z. Geophys. 53, 346-61 (1938). 

23. H. Wbhhee, ‘ Erdmagnetische Sakularvariation imd die Orientation alter 

Kultbauwerke’, Z./. Geophys. 4, 18—21 (1928); Das Weltall, Berlin-Trep- 
tow, 1905. 20 pp. 

24. A. NiPPOiiDT, ‘Ein Beitrag zur Frage der Ausriohtung der Blirchenachsen 

mit dem Magneton’, Arckw fur Geschichte d. Naturwiss. und Technik, 7, 
109-14, 236-44, Leipzig, 1916. 

26. E. Thblijee, (a) ‘Aimantation des briques et inolinaisonmagn.’,-4nn. Inst. 
Phys. Globe, Tlniv. Paris, 14, 66—70 (1936); Comptes Rendus Acad. Paris, 
203, 743-4 (1936); (5) ‘Recherche de I’intensitd du champ magn^tique 
terrestre dans le pass6: premiers r4sultats ’, Ann. Inst. Phys. Globe, Vniv. 
Paris, 15, 179-84 (1937). 

26. -* Sup 1 ’aimantation des terxes cuites et ses applications gdophysiques ’, 

Thbses . . . de VUniuersitd de Paris, A, No. 1803, 2669, 146 pp. (1938); 
reprinted in Armedes Inst. Physique du Globe, TJniv. Paris, 16, 167-307 
(1938). 

27. P. L. MkEOAHTON, ‘Inversion de I’inolinaison magndtique aux 4ges g4o- 

logiques’, Terr. Magn. 31, 187-90 (1926); Comptes Rendus Acad. Sci. 
Paris, 192, 978 f. (1931); 194, 1371 f. (1932). 

28. - ‘fitat magndtique de terxes cuites prdhistoriques’, Comptes Rendus 

Acad. Sd. Paris, 166, 681 f., 949 (1918). 

29. R. Ohevalliee, ‘L’aimantation des laves de I’Etna et 1’orientation du 

champ terrestre en Sicile du 12^ au 17« si4ole’, Ann. de physique (10) 4, 
6-162 (1926). Review mJoum. Frankl/m Institute, 200, 838-40 (1925). 



955 


3.46] BIBLIOaRAPHY 

30. R. Chbvalubr, ‘Uniformity of magnetisation of baked clays *, J. de physique 

et de Badivm, 7, 92-6 (1926). 

30a, A. Gr. MoNish and E. A. Johnson, ‘Magnetization of unmetamorphosed 
varves and marine sediments’, Terr, Magn. 43, 401-7 (1938). See also 
[4.49a]. 

306. -‘ Determination of the secxilar variation in declination in New England 

from the magnetic polarization of glacial varves’* To appear in Trans. 
Washmgton Assembly^ 1939^ Int. Ass. Terr. Magn. Blectr. 

31. H. Gblletioh, ‘Ueber magnetithaltige eruptive Gange und Gangsysteme 

im mittleren Teil des sudlichen Transvaal’, Qerlands Beitrdge, Erg.-Hejte 
z. angewandten Geophys. 6, 337-406 (1937). 

32. R. ScH Winner, ‘Sakulare Aenderung der Vertikalintensitat und Gebirgsbau 

in Oesterreich’, QerlandsBeitr. z. Oeophys. 48, 388-416 (1936). 

SURVEYS AND MAPS FOR rNDIVIDUAL AREAS 

33- A. SoHMiDT, Magn. Vermessung Prei^ssen, 1909. Preuss. Meteorol. Inst., 
Abhandl. Band 3, No. 4 and No. 7, 40+63 pp. Berlin, 1910; Abhandl. 
Band 4, No. 12, Berlin, 1914. 

34.- Die rruxynetische DeMmation in West- und OsVpreussen, 1905-13. 

Preuss. Meteorol. Inst., Abhandl. Band 7, No. 4 (Verdff. No. 318). 8 pp. 
Berlin, 1922. 

36. D. L. BLazard, United States magnetic tables and charts ;for 1926. Coast and 
Geodetic Survey, Ser. No. 463. 136 pp., 4 charts. Washington, 1929. 

36. Magnetic Edition of the Physical Map of England and Wales. (Similar map 

of Scotland.) Amended 1933. Scale 1 : 1 million. Ordnanob Survey 
OrriOB, Southampton. 

37. George W. Walker (and A. H. Cox), ‘ The magnetic re-survey of the British 
Isles for the epoch 1916*0’, Phil. Trans.'London (A), 219, 135 pp. 1919. 

38. A. SoKUSTER, ‘A review of Mr. G. W. Walker’s magnetic survey’, Proc. Boy. 

Soc. London (A) 111, 68-82 (1926). 

39. Mme de Madinhao et Mile HioMBRY, Atlas magnMque. Paris, Bureau 

Central de Magnet. Terr. 16 pp., 23 maps. 1925. 

40. E. Mathias et C. Maurain, ‘Nouveau r^seau magn6tique de la France, 

1924’, Annales Inst. Phys. Globe, Urdv. Paris, 7, 1-46. 1929. 

41. B[. Fritsohb, Die Bestvmmung der Elemente des Erdmagnetismus und ihrer 

zeitlichen Aenderungen. With 12 isogonic charts computed for epochs 
between a.d. 1000 and 1650. 96 pp. Riga, Muller, 1913. 

42. B. P. Weinberg, Catalogue of Magnetic Determinations in the Polar Regions. 

Sect. 1 and 2. Moscow, Central Admin., Hydrometeorol. Service. 61 
pp. 1933; Catalogue of Magnetic Determinations in U.S.S.B. and in 
adjacent countries from 1656 to 1926. Parts 1 (216 pp., 1929) and 2 (82 pp., 

1932) , and (with I. M. Rooaohew) from 1926 to 1930, Part 3 (103 pp., 

1933) . Central Geophysical Observatory, Leningrad. 

43. S. Kalinowski, Lev& magnitique de la Pologne. Travaux Obs. Magn. 

Swidrze Nos. 6 et 7. 162 pp. Warsaw, 1933, 1936. 

44. K. Molin, a General Earth Magnetic Investigation of Sweden, 1928-34. 

Part I. Declination. Stockholm, Sveriges Geol. UndersSkning, Ser. Ca., 
No. 26. 96 pp. 1936. 

46. G. S. Ljungdahl, A Magnetic Survey of Sweden made by the Hydrographic 
Service in the years 1928-1930 (Jordmagn. Publ. No. 9). 37 pp., 6 maps. 
Stockholm, Kungl. SjSkarteverket, 1934. 



966 


BIBLIOGRAPHY 


[3.46a 


46a. G. S. Ljungdahl, ‘EartL magnetic researches along the coasts of Sweden’. 
Part I and n. Jordmagn. PnlbL No. 10 and 11. 48 pp., 6 plates; 49 pages, 
4 plates. Stockholm, Knngl. SjSkarteverket, 1936, 1937. 

46. D. L. Hazaud and W. N. MoParland, Magnetic Declination in the United 

States 1935. U.S. Dept, of Commerce, Coast and Geod. Survey, Ser. 592. 
46 pp. Washington, D.C. 1937. 

47. M. Dehalij, M. Mbrkek et E. Hoob, Nouvelle carte magndtigue de la Bel¬ 

gique. TJniv. Li4ge, Inst. Astr. G4od., Phys. du Globe, Nos. 1 et 2. 
125 pp.+49 pp. Bruxelles, Hayez, 1931 and 1934- 

48. A. Hermant, Levd magndtique de la Belgique, 1913. 122 pp. Bruxelles, 

Observatoire Royal, 1920. 

49. W. EBUo myrAN N, Erdmagn. Vermessung der Schweiz. Annal. Schweiz. 

Meteorol. Zentralanstalt, Jahrgang 1930, 1931. 

60. H. W. Fisk, ‘Isomagnetic charts of the Arctic area’, Trans. Amer. Geophys. 

Union, 12th Annual Meeting, pp. 134-9, 1931. 

61. K. Hattssmanist, ‘Isogonenkarte des Deutschen Reiches fur 1925'5’, Z. 

Oeophysih, 1, 147-52 (1926/6). 

62. F. Btjbmbisteb, Erdmagn. Landesaujn. von Bayern und der Bheinpfalz. 

Veroff. Erdphysikal. Warte, Stemwarte, Mimchen. Heft 6 und 6. Bayer. 
Akad. d. Wiss. 87 pp. 1928; 50 pp., 1932. 

63. K. Schbring und A. NiPPOiiDr, Erdmagn. Landesaufnahme von Hessen. 

80 pp. Darmstadt, L. C. Wittich, 1923. 

64. R. Bock, ‘Planung und Verlauf der magnetischen Reichsvermessung 

1934r-1935’,Z./.Geop%5^A;, 11, 357-61 (1935). 

65. J. KbbAnen, a Magnetic Survey of Finland on July 1, 1930. Meteorol. 

Zentralanst., Erdmagn, Untersuohungen No. 17. 39 pp. Helsinki, 1933. 

66. HsiiSnsraroBS, Central Meteorol. Inst. Magn. measurements in the Baltic 

Sea. South Quarken. First Report. 46 pp. 1926; Second report 1927. 

67. A. VON Gebnbt, ‘Erg. magn. Messungen in der Ostsee, 1924 bis 1929’, 

Z. /. Geophysih, 6, 216-20 (1930); Kv, St. Topo-Hudrograafia osakonna, 
Tallinn, Esthonia, 1936. 

68 . L. SiAiroiTAJS, Magn. rmasuremerds in the Baltic Sea along the Latvian 

Coast. Hydrographic Section, Latvian Marine Dept. 61pp. (Riga, 1930). 

69. A. SoheMjBB und M, Topbbozbb, ‘Die Verteilung der erdtnagnetischen 

Kraft und Deklination in Oesterreich zur Epochs 1930*0’. Wien, Jahrh. 
Zentralanstalt Meteorol. Oeodynamik, vol, 66, Beiheffce Jahrgang 1929. 
Puhl. No. 138. 1932, 1936. 

60. A. SoHEBiBR, ‘Magn. Deklination in Oesterreich, B5hmen und MShren- 

Schlesien z. Epoche 1930*0’, Gerlands Beitrdge, Erg.-Hefte z. angewandten 
Geophy8ik,3j 206-10 (1933); ‘Bemerkungen’ von V. Laska, l.c., pp. 626- 
30 and 2 charts (1933). 

61. S. Peooobitt, ‘Cartes Magndt. de la Roumanie, 1934’, Ann. Sci. Univ. 

Jassy, 21,270-302 (1936); Terr. Magn. 38, 31-5 (1933). 

62. S. W. VissEB, Isomagnetics for the Netherlands East Indian Archipelago, 

1925'5. Batavia, K. Magn. Met. Ohs. Yerhand. No. 13. 18 pp. 1926. 

63. W. VAN B eimisiblb n, ‘Magnetic survey of the Dutch East Indies, 1903-7’. 

Batavia, Ohs. Roy. Magn. Met. Ohs. 30 (for 1907), Appendix 1, 1909. 
70 pp. 

64. H. E. Hubst, The magnetic survey of Egypt and the Sudan. Cairo, Ministry 

of Finance, Survey Dept. Paper No. 33. 63 pp. 1915; Corrections, Cairo, 
Ministry Public Works, Phys. Dept. Paper No. 15, p. 16. 1924. 



957 


4-9] BIBLIOGBAPHY 

66. A. Takakabate, ‘Magnetic survey of Japan, 1895*0 Joum* College Science^ 
Imperial Univ, Tokgo, 14, 180+347 pp. 1904. 

66. G. Aitgbnhbistbb, Island Exped. 1910. Erdmagn. Beoh. Nachr. Ges. Wiss. 

Gottingen, 1912, No. 1. 34 pp. 

67. A. D. Lewis, Magnetic decimation in South Africa, 1936. 19 pp. Pretoria, 

Union of South Africa, Dept. Irrigation, 1937. 

68. O. Lutzow-Holm, Carta nmgnetica de la Rep. Argentina, 1931. Buenos 

Aires,Min.Agric.,Dir.Met. Geofis.e. Hidrol., Ser.A, No. 1. 15 pp. 1933. 

69. H. Hxjbebt, ‘Lignes de deviation magii^tique en Afrique tropicale ifran- 

gaise’, Ann. Phys. Globe, Prance d^Ovtre-Mer, Paris, 5, 29-30 (1938). 

70. M. BxjBQAxrn and P. Lou, ‘Carte znagn^tiqne de Chine Etudes sur le magn^- 

tisme terrestre. No. 40, Observ. de Zi-Ka-Wei, pp. 24 (1937). 

CHAPTEE IV. MAGNETISM AND GEOLOGY. 

MAGNETIC PROSPECTING 

1. A. H. Broughtok Edge and T. H. Laby, The Principles cmd Practice of 

Geophysical Prospecting. (Report of the Imperial Geophysical Esqperi- 
mental Survey.) 372 pp. Cambridge Univ. Press, 1931. 

(The object of this survey was not to prospect for minerals, but to test 
the applicability of various geophysical methods under field conditions 
in Australia which might be regarded as characteristic also of consider¬ 
able regions elsewhere.) 

2. H. Ebioh, Angeuandte Geophysih fiir Bergleide und Geohgen. 2 Bande, 

161 + 153 pp. Leipzig, Almd, Yerlagsges., 1933/4. 

3. J. WAiiEAOE Joyce, Manual on Geophysical Prospecting with the Magneto¬ 

meter. (U.S. Bureau of Mines.) 129 pp. American Ascania Corporation, 
Houston, Texas (1937). 

4. A. S. Evb and D. A. IKjsiys, Applied Geophysics in the Search for Minerals. 

263 pp. Cambridge Univ. Press, 1929. 

6. C. A. Heiland, ‘Geophysical Methods of Prospecting. Prinpiples and 
Recent Successes’. 163 pp. Quarterly of the Colorado School of Mines, 
vol. 24, No. 1. Golden, Colorado, 1929. (Applications in America; con¬ 
tains lists of geophysical companies and instrument-noakers). 

6. R. Ambronn, Methoden der angewandten Geophysih. 268 pp. Dresden, Th. 

Steinkopff, 1926; English translation Elements of Geophysics, New York, 
McGraw-Hill, 1928. (Cites numerous papers up to 1926.) 

7. H. BLAAiiOK, Die rmgnetischen Verfahren der angewandten Geophysih. 

160 pp. Berlin, Gebr. Bomtraeger, 1927; also in WiEiir-HABMS, Bandhuch 
d. Experimentalphysik, Bond 25, Teil 3, pp. 303-98. Leipzig, Akad. 
Yerlagsges., 1930. 

la. B. L. GuiiATEE, ‘Magnetic Anomalies’, Professional Papers, Survey of 
India, No. 29, 12 pp., 11 plates (1938). (The paper gives formulae and 
curves showing the variation of the horizontal and vertical magnetic force 
corresponding to varioxis shapes of magnetic bodies at various depths. 
The curves do not entirely agree with Haalck’s (refs. 7, 26, 27), because 
H. has introduced approximations which have appreciable effects.) 

8. H. Rbioh, ‘Die magnetisohen Eigenschaften der Gesteine’, Handbwh der 

Geophysih, herausgeg. von B. Gutenberg, Band 6, pp. 60-71. Berlin, 
Gebr. Bomtraeger, 1929. 

9. A. NiPROXiDT, VerwerPimg magnetischer Messungen zvr Mwkmg. 14: pp. 

Berlin, J. Springer, 1930. 



968 BIBLIOGBAPHY [4.10- 

10. E. Lanoasteb-Joitbs, ‘Geophysical Prospecting’, Reports on Progress in 

Physics^ 2, 97-128. Cambridge TJniv. Press, 1936. 

11. C. A. Heilaisdd, ‘Instminente tmd Methoden zur Ermittlung nutzbarer 

Lagerstatten’, Z,f. Imtriimentenhunde, 45, 417-36 (1926). 

11a. A. Bbbboth, * Aufgaben des Messingemeurs bei der Lagerstattenforsolnmg.’ 
(Angewandt© Geophysik fur Ingenieure.) II. Angewandte magnetische 
Messung., Allg. Vermess.-Nachr. 50, 209-16, 226-40, 249-60 (1938). 

12. A. Nippoldt, Karten der Verteilung des Erdmagnetisrrms und seiner ortUchen 

Storungen in Ettropa, 42 pp., 4 cbarts. Archiv des Erdmagn. Heft 
6 =s VerofiEentl. des Preussischen Meteorol. Instituts Hr. 354. Abhandl. 
Vm, Hr. 11. Berlin, J. Springer, 1927. 

13. A. SoHMTDT, ‘Ein Lokalvariometer fur die Vertikalintensitat’. Preuss. 

Meteorol. Inst. Berlin, Bericht iiher die Tdtigheit im Jdhre 1914 (VerojBf. 
Ho. 284), pp. (109)-(134), 1916; . . . inkJahre 1915 (VerSff. Hr. 290), 
pp. (87)-(106), 1916. 

13a.-‘Zum Aufsatz von T. Koulomzine und A. Boesch iiber die Vertikal- 

Feldwaage’jZ./. 14, 63-7 (1938). 

136. T. KouiiOMziNB and A. Bobsoh, ‘tJTber die von den Askania-Werken 
erbaute Vertikal-Feldwaage von Schmidt’, Z. /. Geophysik, 8, 166-80 
(1932). 

13c. A. Grab, ‘Ein neues Registrierverfahren fiir die Aufzeichnung der mag- 
netischen Element©’, Beitr. z, angewandten Qeophys. 7, 367-66 (1938). 
(A photo-electrical recording system using differential photo-cells is de¬ 
scribed and applied to the magnetic field balance; it may be used for any 
recording system equipped with mirrors such as magnetic variometers. 
The main advantage as compared with photographic recording is the 
direct visibility of the galvanometer record.) 

13d. K. Wibnbbt, ‘Fehleruntersuchiingen an erdmagnetischen Feldwaagen’, 
Arckiv der Deutschen Seewarte, 59, Ho. 1. 29 pp. Hamburg, 1939. 

Trans. Am. Inst. Mining and Metall. Eng., Hew York, Geophysical Prospect¬ 
ing, 1929 (676 pp.), 1932 (610 pp.), 1934 (683 pp.). Contains, among 
others, the following articles (14-21) referred to in this book; 

14. C. A. Hbiland, * Theory of Adolf Schmidt’s horizontal field balance* 
(pp. 261-314, 1929). 

16.-and W. E. Pttgh, ‘Theory and experiments concerning a new com¬ 

pensated magnetometer system’ (pp. 334-372, 1934). 

16. -and W. H. Coitbtjcbb, ‘Magnetometric investigation of gold placer 

deposits’ (pp. 364-84, 1929). 

17. F. Ribbbb, ‘A new micromagnetometer’ (pp. 401-16, 1929). 

18. H. H. Stbabk, ‘Practical geomagnetic exploration with the Hotchkiss super- 

dip’ (pp. 169-99, 1932). 

19. A. S. Eve, ‘A magnetic method of estimating the height of some buried 

magnetic bodies’ (pp. 200-16, 1932). 

20. W. M. Babbett, ‘A method for determining magnetic susceptibility of core 

samples’ (pp. 216-36, 1932). 

21. L. B. SuoHTEB, ‘Certain aspects of magnetic surveying’ (pp. 238-60, 1929), 

22 . See ref. 2.102. 

23. M, Rossioeb and K. Puzioha, ‘Magnetische Messungen am Oberharzer 

Diabaszuge’, Oerlands Beitrdge, Erg.-Hefie z. angewandten Qeophysih, 3, 
46-108 (1933). 

24. G. Bbyeb, ‘Das magnetische Verhalten .der Diabase des nordwestlichen 



4.38] 


BIBLIOGRAPHY 


959 


Harzes’, Oerlands Beitrdge, Erg.-Hefte z, angevjandten Qeophysik, 3, 
337-63 (1934). 

26. J*. KoEmGSBBRGBR, ‘ZuT Deutung der Karten magnetischer Isanomalen 
und Profile’, Oerlands Beitr, z, OeophysiJc, 19, 241-91 (1928). 

26. H. Haaxok, ‘ Theorie undAnwendung dermagnetischen Aufschlnssmetliode 

Z. f, Geoph/ysiJc, 2, 1-24. Braunschweig, 1926. 

27. - *Zur Frage der Erklarung der Kursker magnetischen und gravi- 

metrischen Anomalie Oerlands Beitrdge zur Geophysik, 22, 241-66, 386-9 
(1929). 

The graphical methods applied in this paper are published in Z, /. 
Oeophyaih, 4, 161-78, 209-19, 263-72 (1929). 

27c&. Takesi Haoata, ‘Magnetic anomalies and the corresponding subterranean 
mass distribution’, Bulh Earthquake Bes. Inst. Tokyo, 16, 550-76 (1938); 
Froc. Imp. Acad. Japan, 14, 176-81 (1938). 

275. David A. Keys, ‘A survey of methods for determining depth of magnetic 
ore bodies ’, Amer, Inst. Min. Metallurg. Engr., Techn. Publ. Nr. 830, 1—8 
(1937). 

27c. G. G. Wiles and F. Bahnemaiot, ‘Magnetic anomalies near a semi-infinite 
line of poles’, Beitr. angew. Geophys. 7, 179—89 (1937). 

27d. L. F. Uhrig and Sydney Sohaier, ‘Observed and calculated values of 
the magnetic intensity over a major geologic structure’, Gerlands Beitr. 
z. Geophys. 49,129-39 (1937). 

28. ‘Geophysical Methods as applied in the study of geological structure . 

(A symposium by several authors.) Terr. Magn. 33, 129-48 (1928). 

29. R. Krahmann, ‘The geophysical magnetometric investigations of West 

Witwatersrand areas between Randfontein and Potchefstroom, Trans¬ 
vaal’. Johannesburg, Trans. Oeolog. Soc. S. Afnca, 39, 1-44 (1936).^ 

29a. -‘Die magnetometrischen Untersuchungen am Witwatersrand’, Z. 

Deutsch. Oeol. Ges. 89, 79-87 (1937). 

30. H. Gellbtioh, ‘tTber magnetitfuhrende eruptive Gauge und Gangsys^ine 

im mittleren Teil des siidlichen Transvaals’, Gerlands Beitrdge, Erg.-Hepe 
z, angewandten Geophysik, 6, 337-406 (1937). . , ^ t ^ 

31. R. Krahmann, ‘Geophysical investigations in Southern Africa » 

Beitr., Erg.-Hepe z. angewandten Geophysik, 4, 88-116 (1934); 5, 425-6 

/1 QO 

32. H. tta tTinr, ‘Die neue magnetisohe TJniversalwaage’, Z. J. Geophysik, 3, 

68- 68 (1927); Z.f. Imtrumenten-Kunde, 47, 16-32 (1927). 

33. J. P. Roth^, ‘Contribution k I’^tude des anomalies dn obamp ma^dtiqne 

terrestre’, AnnoOes Inst, de Physique du Globe de VUmv. Pans, 15, 1 110 

34. w! p! JBirenr, ‘Experimental Interpretation of magnetic and gravimetric 

anomalies’, Terr. Magn. 40,71-8 (1935). ^ _ 

36. F. Eebulai, ‘Profilanfcahmen an einer erdmagnetise*^ Storung m Ost- 
nreussen’, Gerlands Beitr. z. Geophysik, 25, 63-8 (1930). , „ , , 

36. J. KoBBiosBBBom. ‘Magnetiscb^ 2®^So^S ’ 

Beitr., Erg.-Hepe z. angewandten Geophysik, 2, 374r-400 (19525). 

37. G. Neumann, ‘Magnetisohe Dntersuohnng^ bei 

sen’ Gerlands Beitr., Erg.-Eefiez. angewandten Geophysik, 2, 22-68 (1932). 

38 O Basbubb, ‘Erdmagnetisehe Anomalie bei Pr.-Eylan in Osi^renssen und 

ihre Deutung’, Gerlands Beitr., Erg.-Hepe z. angenmndten Geophysik, 2, 

69- 121 (1933). 

36»6.30n 3 H 



960 


BIBLIOaRAPHY 


[4.39- 


39. W. Ahrens, ‘Brgebnisse magnetischerUntersuchungen im Vulkangebiet des 

Laacher Sees in der Eifel’, QerUmds Beitr,, Erg.-Hefie z, angewandten 
Oeophysik, 2, 320-36 (1932). 

40. H. Ebioh, ‘Magnetisohes Schurfen anf Rot- nnd Braimeisen’; Z. Deutsch, 

Qeolog. Ges. 83, 602-9 (1931). 

41. - ‘Erdmagnetismus tind glaziales Diluvium’, Jahrhuch d. Preuss, 

Oeolog, Landesanstalt, 46, 249-91. Berlin, 1926. 

42. -tJber eine magnetisclie Anomalie am Lebasee in Ostpommern’, Z, /. 

Oeophysik, 6, 207-16 (1930). 

43. N. H. Heck, ‘Investigation of local magnetic disturbances at Port Snottis- 

ham, Alaska’, Terr. Magn. 27, 169-71 (1922). 

44. G. Pbtexjcoi, ‘Contribute dello studio delle anomalie magnetico-gravi- 

metriche regional! alia conoscenza del sottosuolo sioiliano BolL Comit. 
Geod, Qeofls., Ser. 2, Anno VI, pp. 36-43. Milano, R. Istit. Sup. Ingegn., 
1936; UnwersOf 19, 761-83 (1938). 

46. E. H. Booth, ‘A detailed regional magnetic survey* as an aid to geological 
interpretation’, Jovum. Proo. Roy. /Soc. Sydney New South Wales, 69, 
36-60 (1936). 

46. A. H. Cox, ‘Magnetic Disturbances in Nottinghamshire and Leicestershire 

and their relations to the geological structure ’, Phil. Trans. London (A), 
219, 73-136(1919). 

47. J. Koentgsbbrgbb, ‘Die Abhangigkeit der natiirlichen romanenten Mag- 

netisierung bei Eruptivgesteinen von deren Alter und Zusammensetzmg’, 
Gerlands Beitrdge, JSrg.-Hefte z. angewandten Qeophysik, 5, 193-246 (1935).. 

48. A. N’rppoLDT, ‘Karte der magnetisohen Storungen in Britisch-Indien’, 

Gerlands Beitr. z. Qeophysik, 43, 186-209 (1934). 

49. A. 0. McNish, ‘Electromagnetic methods for testing rock-samples’, Terr, 

Magn. 42, 283-4 (1937). 

49u. B. A. Johnson and A. G. MoNish, ‘An altemating-cxirrent apparatus for 
measuring small magnetic moments’, Terr. Magn. 43, 393-9 (1938). 
(A method of measuring the moments of small magnetic dipoles is 
described. The dipole is rotated inside a fixed coil, and the voltage 
induced in the coil is measured by means of an alternating-current 
amplifier. Moments of 3X C.G.S. can be detected. The method has 
been applied to the measurement of the polarization in sedimentary 
deposits.) 

496. Edward D. Lynton, ‘Recent developments in laboratory orientation of 
cores by their magnetic polarity’. Geophysics, 3, 122-9 (1938). 

60. 0. A, HehjAND, ‘Possible causes of abnormal polarizations of magnetic 

formations’, Z.f. Geophysik, 6, 228-36 (1930). 

61. N. N. TRtTBJATSOHiNSKi, ‘Geotektonik und Geomagnetismus’, Verhandl. 

7. Tagung, Baltische Oeoddtische Korrmiission, 1934. 

62. Y. Kato, ‘ Seismic and volcanic activities and changes in the earth ’s mag¬ 

netic field’, Japan. Jowm. of Astronomy and Geophysics, ToJcyo, 12, 1-27 
(1934); Joshin (Earthquake), Tokyo, 5, 764-70 (1933); 6, 64^62, 89-101, 
247-51, 629-34 (1934). 

63. S, Naxamura, ‘Changes in land-level and magnetic dip on Mount Koma 

(Komagatake) and vicinity’, Proc. Imp. Acad. Tokyo, 11, 102-6 (1936). 

64. -and Y. Kato, ‘Anomalous secular variation of magnetic dip in the 

epicentral area of the destructive earthquakeof November 26,1930’, Proc. 
Imp. Acad. Tokyo, 10, 266-8 (1934). 



961 


.4] BIBLIOGRAPHY 

64a. Yosio K1at6, ‘Investigation of the changes in the earth’s magnetic field 
accompanying earthquakes or volcanic eruptions’, Sci, Bep, TdhoTcu 
Vniv., I. s. 27, 1-90 (1938). 

64&. -‘Magnetic properties of the rocks constituting the earth’s crust. I. 

Sci. Bep, Tdhoku Univ., I. s. 27, 91-100 (1938). 

65. A. Berroth and a. ScKLEUSBiirER, ‘Erdmagnetisehe Messungen mit Hilfe 
der Drehwaage’, Z.f. Qeophyaik, 9, 355-68 (1933). 

56. T. Naqata, ‘Magnetic anomalies and the corresponding subterranean struc¬ 
ture’, Ptoo, Imp, Acad, Tokyo, 14, 176-81 (1938); Bull. Earthquake Bes, 
Inst. Tokyo, 16, 660-76 (1938). 

67. R. Lauterbach, ‘ Geomagnetische Messvmgen an Lamprophyrgangen in der 

Lausitz’, Z,f. Oeophysik,13, 291-301 (1937); also Veroff. Geophys, Inst, 
Univ. Leipzig, II. S. 10, 90-104 (1938). 

67a. Hbikz Lettatj, ‘Die erdmagnetisehe Anomalie bei Reudnitz und ihre 
geophysikalisch-geologische Deutung’, Veroff. Geophys. Inst. Univ. Leipzig, 
II. S. 10, 83-9 (1938). 

68 . H. ScHMiDLiN, ‘tJber entmagnetisierende Wirkung der Anderungen des 

magnetischen Erdfeldes’, Beitr. z. angewandten Geopkysik, 7, 94-111 
(1937). 

69. R. VON ZwBRQER, ‘Tektonik, Anomalien des Erdmagnetismus und Erdol- 

hOffigkeit in Mitteldeutschland’, Kali, Berlin, 28, 62-6, 72-6, 86-8, 98- 
100, 112-14 (1934). Abstract Geophys. Ahstr. Washington, No. 63, pp. 
1183-4 (1934). 

60. V. CARLHEiM-GyiiLENSKOLD, A Brief Account of a Magnetic Survey of the 

Iron Ore Field of Kiiruncwaara. Stockholm, 1910. 

61. Fritz Gassmann, ‘Magnetische Messungen auf dem Mont Chemin bei 

Martigny’, Helv. pTvys. Acta, 11, 643-4 (1938). 

62. C. N. Watson-Munro, ‘Reconnaissance survey of the variation of magnetic 

force in the New Zealand thermal regions’, N. Z. Journ. Sci. Tech. 20, 
No. 2 b, 99b-116b (1938). 

CHAPTER V. SOLAR AND LUNAR DATA 

1. Handbuch der Astrophysik, herausgeg. von G. Ebbrhabd, A.KoHLSOHthrTER, 

H. Lxjdendobfe. Band 4; Das Sonnensystem (contains G. Abbtti, Solar 
physics). Berlin. Julius Springer, 1929; Band 7: Erganzungsband (1936), 
la. G. Abbtti, The Sun, its Phenomena and Physical Fecaures. London, 
Crosby Lockwood, 1938. 360 pp. (Translated from the Italian II Sole, 
Milan, Hoepli, 1936. pp. 419.) 

16. F. W. Dyson and R. v. n. R. Woolley, Eclipses of the Sum and Moon. 
Oxford University Press, 1937, 160 pp. 

l c. L. d’Azambxjja, ‘La cooperation intemationale pour I’observation con¬ 

tinue du Soleil et ses premiers r6sultats ’, L^Astronomic (Bull. Soc. Astron. 
de Frames), mars 1939, 97-121. ‘ 

l d. H. Spencer Jones, ‘Sunspots and their terrestrial effects’, Sci.progr. 33, 

1-16 (1938). A review. 

2. G. E. Hale, ‘The spectrohelioscope and its work’, Astrophysical Joum. 70, 

266-311 (1929); 71, 73-101 (1930). 

3. -- ‘Solar eruptions and their apparent terrestrial ejects’, Astrophys. 

Joum. 73, 379-412 (1931). 

4. - ‘Solar magnetism’, Nature (London), 136, 703-6 (1935). (See also 

references 19, etc.) 



962 


BIBLIOaHAPHY 


[5.4a- 


4a. G. E. Haue and S. B. Nicholsoit, ‘Magnetic Observations of Sunspots, 
1917-1924’, Carnegie Institution of Washington, Publ. No. 498, 1938. 
Part 1, 91 pp., 8 plates. Part 2, 692 pp. (A complete review of the 
development of this work, with drawings of all the sunspots whose 
magnetism had been detemoined up to 1924.) 

5. W. BRraNER, ‘Relative snnspot-numbers 1749 to 1938’, Terr. Magn. 44, 

247-56 (1939). Annual tables in following volumes, also in Meteorologisohe 
Zeitschrift, and, since 1938, inZ.f. Qeophysik. Original figures, continued 
by Brunner, in Astron. Mitt&ilungen, Zurich. 

5a. H. W. Newton, ‘The sun’s cycle of activity’. Quart. Journ. Boy. Meteorol. 
Soc. London, 54, 161-73 (1928). 

6 . T. Royds, ‘A very high prominence on 1928 November 19’, Monthly 

Notices Boy. Astron. JSoc. London, 89, 265-6 (1929). 

7. E. W. Maunder, ‘The sun and sunspots, 1820-1920’, Monthly Notices 

Boy. Astron. Soc. London, 82, 534-42 (1922). 

la. E. W. and A. S. D. Maunder, ‘The solar rotation period from Greenwich 

sunspot measures, 1879-1901 ’, Monthly Notices Boy. Astron. Soc. London, 
65, 813-26 (1906). 

lb. E. W. Maunder, ‘Note on the distribution of solar faculae’, Monthly 

Notices Roy. Astron. Soc. London, 80, 724-38 (1920). 

7c. Royal Observatory Greenwich, ‘Solar faculae—^their occurrence and dis¬ 
tribution in latitude’. Monthly Notices Boy. Astron. Soc. London, 84, 
96-9 (1924). 

8. H. H. Turner, ‘Sunspots and meteor swarms’. Monthly Notices Boy. 

Astron. Soc. London, 7, 82-109 (1913). 

8 a. A. SoHMEDT, ‘Ueber den Gang der Sonnenfleckenhaufigkeit Astron. 
Nachrichten, Nr, 5089, Bd. 213, p, 14. 

8b. Max Waldmbier, *Neue Eigenschaften der Sonnenfleckenkurve’, Astron. 
Mitt. Zurich, 133, 106-30 (1936). 

8c. John Q. Stewart and H. A. A. Panoesky, ‘The mathematical charac¬ 
teristics of sunspot variations’, Astrophys. J. 88, 386-407 (1938). (The 
authors reject the harmonic analjrsis of sunspot-numbers, and treat each 
sunspot-cycle as a new ‘eruption’, following Halm and Waldmeier.) 

Sd, Dinsmobe AiiTER, ‘A periodogram investigation of short-period sim-spot 
cycles’, Mmth. Weath. Bev.bb, 208-12 (1938). (Finds a cycle of about 
8 months.) 

9. F. W. Dyson, ‘Drawings of the Corona from photographs at total eclipses 

from 1896 to 1922’, P^Z. Trans. London (A), 226, 363-89 (1927). 

10 . W. J. S. Looeyer, ‘On the relationship between solar prominences and the 

corona’, Monthly Notices Boy. Astron. Soc. London, 82, 323-30 (1922). 

11 . W. Brunner, ‘Gesetzmassigkeiten in der Anordnung der Sonnenfiecken zu 

Gruppen’, Astron. Mitt., Zurich, 124, 67-78 (1930). 

12 . H. W. Newton and H. J. Barton, ‘Bright solar eruptions and radio fad¬ 

ings during the years 1935-36^’, Monthly Notices Boy. Astron. Soc. London, 
97, 594^611 (1937). 

13. V. Bjerknes, ‘Solar Hydrodynamics % Astrophysical Journal, 64, 93-121 

Observatory, 49, 364r-9 (1926). 

14- E. A. Mtlnh, ‘On the possihOity of the emission of high-speed atoms from 
the s\m and stars ’, Monthly Notices Boy. Astron. Soc. London, 86, 469—73, 
61Sr-9^ (1926); Handhuch d. Astrophysih, 3, 1. Hillfte, pp. 173-83, Berlin, 
J, Springer, 1930. 



5.36] 


BIBLIOaRAPHY 


963 


16. See ref. O 93. 

16a. E. A. Milne, ‘The equilibrium of the calcium chromosphere’, Monthly 
Notices, Roy, Astron, Soo, London, 85, lll—il (1924). 

16. Sources of solar data are cited in § 6.14. 

17. George E. Hale, ‘On the probable existence of a magnetic field in sun¬ 

spots’, Astrophys, J. 28, 316-43 (1908). 

18. - , Eebiunand Ellerman, S. B. Nicholson, and A. H. Joy, ‘The 

magnetic polarity of sun-spots’, Astrophys. J, 49, 163-78 (1919). 

19. -‘Preliminary results of an attempt to detect the general magnetic field 

of the sun’, Astrophys. J, 38, 27-98 (1913). 

20. -‘Preliminary note on an attempt to detect the general magnetic field 

of the sun’, Terr, Magn, 17, 173-8 (1912); Puhl, Astron, 8oc, Pacific, 25, 
28 (1913). 

21. -‘The earth and sun as magnets’. Pop, ScL Monthly, 83, 105 (1913). 

22. -‘Solar magnetic phenomena’,Proc. Amer,Phil, Soc, 53, 251 (1914). 

23. - ‘Preliminary observations of the Zeeman efect, due to the general 

magnetic field of the sun’, Trans, Int, Union for Solar Research, 4, 218 
(1914). 

24. - Erederiok H. Shares, Arriaan van Maanen, and Eerdinand 

Ellerman, ‘The general magnetic field of the sun: apparent variation of 
the field-strength with level in the solar atmosphere Astrophys, J. 47, 
206-64 (1918). 

26. Frederick H. Searbs, ‘The displacement curve of the sun’s general mag¬ 
netic field’, Astrophys, J, 38, 103-29 (1913). 

26. -, Adriaan van Maanen, and Ferdinand Ellbrman, ‘The location of 

the sun’s magnetic axis’,Proc. Nat, Acad, Sci,, Washington, 4, 4-9 (1918). 

27. -‘Deviations of the sim’s general magnetic field from that 

of a uniformly magnetized sphere’, Proc. Nat, Acad, Sci,, Washington, 
5, 242-6 (1919). 

28. -‘The general magnetic field of the sun’, The Observatory, London, 43, 

310-22 (1920). 

29. S. Rossbland, ‘On the structure and origin of solar magnetic fields’, 

Astrophys, J, 62, 387-408 (1926). 

30. J. Bartels and G- Fansblatt, ‘Geophysikalischer Mondalmanach’, Z, f, 

Qeophysik, 13, 311-28 (1937); translation of part (‘Geophysical lunar 
almanac’), Terr, Magn, 43, 165-8 (1938). 

31 . - Oeophysikalische Mondtafeln, 1850-1976, Abh. Geophys. Inst. 

Potsdam No. 2. 46 pp. 1938. (Gives /x, for each day.) 

32. A. Schmidt, ref. 8.11. 

33. E, Pettit, ‘The forms and motions of the solar prominences’, Publications 

of the Yerhes Observatory, 3, 206-40 (1926); ‘Characteristic features of 
solar prominences’, Astrophysical Journal, 76, 9-43 (1932); ‘The motion 
of prominences of the eruptive and s\m-spot types’, ibid. 84, 319—45 
(1936). 

34. R. R. MoMath and E. Pettit, ‘Prominences of the active and sunspot types 

compared’, Astrophysical Journal, 85, 279-303 (1937); ‘Prominence 
studies’, ibid. 88, 244-77 (1938). 

36.-, H. E. Sawyer, and J. T. Brodie, ‘An’ eruptive prominence of 

record height and velocity’, Pw6Z. Astron, Soc, Pacific, 49, 3-6 (1937). 

36. M, Waldmbibr, ‘Eruptive prominences’, Astrophysih, 15, 299-314 

(1938). See also ref. 24.36. 


964 BIBLIOGRAPHY [5.37- 

37. B. Lyot, ‘fitude de la couronne solaire en dehors des Eclipses’, Zeitschr.f. 

AstrophysikfS^ 37-95 (1932). 

38 . -‘A. study of the solar corona and prominences without eclipses’, 

Monthly Notices Boy, Astron, Soc, London, 99, 680-94 (1939). 

39. R. S. Richardson and R. Minkowski, ‘The spectre of bright chromospheric 

eruptions from A 3300 to A 11500’, Astrophys. J, 89, 347-55 (1939). 
(They find no evidence that the eruptions which are associated with radio 
fade-outs and augmentation are accompanied by any increase in the 
local black-body radiation, but that there is probably increased line emis¬ 
sion of radiation, in the Lyman Ha line. This is not capable of ionizing 
nitrogen or oxygen from their ground states, but may nevertheless in¬ 
crease, the ionization of the upper atmosphere of the earth.) 

40. R. G. GiovANELiii, ‘Eruptive prominences and ionospheric disturbances’, 

Astrophysiccd J. 88, 204, 6 (1938). (Gives evidence indicating that the 
radiation responsible for radio fade-outs and augmentation, during 
chromospheric eruptions, has its origin at the base of the eruption, because 
no fade-out occurs when the base is behind the sun’s limb.) 

41. T. H- Johnson and S. A. Korff, ‘Geiger-counter measurements in the 

upper atmosphere bearing upon the nature of the radiation from solar 
flares and radio fade-outs’, Terr» Magn.4Aj 23-7 (1939). (The intensity 
of the penetrating radiation at an elevation of 20 km. has been measured 
with a Geiger counter carried at a constant level by a balloon for a con¬ 
tinuous interval including times before, during, and after a radio fade-out. 
N’o effect was found, and the precision of the measurement excludes the 
possibility of an increase of intensity as great as 2 per cent.) 

CHAPTER VI. A GENERAL REVIEW OF THE TRANSIENT 
MAGNETIC VARIATIONS 

1. J. A. FLEMiiirG, ‘Time-changes of the earth’s magnetic field’. The Scientific 

Monthly, 39, 499-630 (1932). 

2. A. Schmidt, ‘Die intemationalen erdmagnetischen Charakterzahlen’, 

Meteorol Z, 33, 481-92 (1916). 

3. G. VAN Dijk and J. Bartels, ‘Measures of magnetic activity Terr, Magn, 

40, 371-82 (1936). 

4. Quarterly and annual lists of the international magnetic character-figures 

are published by the Secretariat of the International Meteorological 
Organization, and are reprinted in various journals {Terr. Magn., Meteorol. 
Z., and others). 

5. C. Chbeb, ‘Magnetic character-figures: Antarctic and international’,'Proc. 

Phys. Soc, London, 27, 193-207 (1916); Kelvin Lecture, Joum. Inst, 
Eleotr.Eng. 54, 416 (1916). 

6. J. M. Staog-, ‘Atmospheric pressure and the state of the earth’s magnetism 

NaPure, 127, 402 (1931). 

7. E. Leyst, ‘Die Variationen des Erdmagnetismus’, Moskva, Bull. Soc. Nat. 

23, No. 1-4, pp. 140-389 (1909). 

8. E. Sabine, ‘On periodical laws discoverable in the mean effects of the larger 

magnetic disturbances’, Phil. Trans. London, 1851, pp. 123-39; 1852, 
pp. 103-24; 146, 367-74(1856), 

9. A. Sc hm i d t, ‘Zur Frage der Zerlegung des erdmagnetischen Feldes’, 

Meteorol. Z, 28, 49-63 (1911). 



966 


7.19] BIBLIOGBAPHY 

10. G. Schwalbe (The anmial variation in terrestrial-magnetic elements), 

MeteoroL Z, 15, 449 (1898); 16, 326 (1899). 

11 . L. V. Bebkneb and A. G. MoNish, ‘The ephemeral variations of the earth’s 

magnetism.’ Cooperation in Research, Carnegie Inst, Washington Publ. 
No. 501, 223-47 (1938). 

12. J. Babtels, ‘Besprechimg erdmagnetischer Registrierungen im Hinblick 

auf Vorgange in der lonosphare und Wirkungen in der Hohenstrahlnng 
Z,f, Oeophys. 14,297-313 (1938). 

CHAPTER VII. THE SOLAR DAILY VARIATION ON QUIET DAYS, 

1. S. Chapman, ‘ The solar and lunar diurnal variation of the earth’ s magnetism 

Phil. Trans. London (A), 218, 1-118 (1919). 

2 . See ref. 2.79. 

3. S. Chapman, ‘ Terrestrial magnetic variations and their connection with solar 

emissions which are absorbed in the atmosphere’, Cambridge Phil. Trans. 
22, 341-59 (1919). 

4. See ref. G 46, Plate 101 and tables p. 691. 

6. William Ellis, ‘On the relation between the diurnal range of magnetic 
declination and horizontal force at Greenwich, 1841 to 1877, and the 
period of solar spot frequency’, Phil. Trans. London (A), 171, 641-60 
(1880). 

6 . See ref, 11.38. 

7. R. Wolf, Handbuch der Astronomies p. 416. Zurich, 1892. 

8 . -‘Astron. Mitt.’, from Vierteljahrssckrijt d. Naturforsch. Qcs. Ziirich, 9, 

221 (1869). 

9. E. Sabine, ‘ On the evidence of the existence of the decennial inequality in 

the solar-diumal magnetic variations, and its non-existence in the lunar- 
diurnal variation, of the declination at Hobarton ’, Phil. Trans. Lovdon, 
147, 1-8 (1867). 

10. M.Rajna, ‘ Suir oxcursione diurna della declinazione magnetica a Milano....’ 

Reprint (10 pp.), Bend. R. 1st. Lorribardos 35 (1902). 

11 . See Ch. XV of ref. G 16. 

12. A. Schmidt, ‘Der tagliche Gang der erdmagnetischen Kraft in Wien und 

Batavia in seiner Beziehung zum Fleckenzustand der Sonne’, Sitz.-Ber. 
Akad. Wiss. Wien. Math.^naturwiss. Kl, Abt. II a, 97, 734-61 (1888). 

13. See Heft 1-4 of ref. G 62. 

14. Data for Fig. 7.14 taken from Potsdam Ergebnisse (ref. G 49) for 1921. 

15. C. Chbeb, ‘A comparison of the results from the Falmouth declination and 

horizontal force magnetographs on quiet days in years of sunspot maximum 
and minimum, Trans. Cambridge Phil. Soc. 20,166-92 (1906); Phil. Trans. 
London (A), 204, 373-406 (1906). 

16. -‘An enquiry into the nature of the relationship between sun-spot 

frequency and terrestrial magnetism’, Phil. Trans. London (A), 203, 161- 
87 (1904). 

17. -‘An analysis of the results from the Kew magnetographs on quiet days, 

1890-1900’, Phil. Trans. London (A), 202, 336-437 (1903); ‘. . . from 
ordinary days’, ibid. 216, 187-277 (1916). 

18. Aksel S. Steen, The Diurnal Variation of Terrestrial Magnetism. Videns- 

kabss. Skrifter I. Mat.-Naturv. KL. 1904, No. 2. 33 pp. Christiania, 
1904. 

19. See ref. 9.19. 



966 


BIBLIOGRAPHY 


[7,20- 


20 . S. Chapman and J. M. Stagg, ‘ On the variahility” of the quiet-day diurnal 
magnetic ’variation’, Proc. Roy. Soc. London (A), 123, 27"-63 (1929); 130, 
668-97 (1931). 

21a. M. Hasegawa, ‘On the type of the diurnal variations of terrestrial mag¬ 
netism on quiet days’, Proc. Imp. Acad. Tokyo, 12, 88-90 (1936). 

216. -‘A statistical study of the type of diurnal variations of terrestrial 

magnetism on quiet days’, Proc, Imp. A,cad. Tokyo, 12, 185-8. 

21 c. -‘Analysis of the field of diurnal variations ... of the different types’, 

Proc. Imp. Acad. Tokyo, 12, 221-4. 

2 Id. -‘Representation of the field of diurnal variations ... by the method of 

graphic^ integration’, Proc. Imp. Acad. Tokyo, 12, 225-8. 

21 e. -‘On the progressive change of the field of diurnal variations’, Proc. 

Imp. Acad. Tokyo, 12, 277-80. 

21/. -and M. Ota, ‘On the zonal components of diurnal variations’, Proc. 

Imp. Acad. Tokyo, 13, 69-73 (1937). 

21gr.-‘An analysis of the field of diurnal variations of terrestrial 

, magnetism of different types’, Proc. Imp. Acad. Tokyo, 13, 65-8 (1937). 

21 ^. -and Y. Tabtcheia, ‘On the regular progressive changes of the magnetic 

field of diurnal variations Proc. Imp. Acad. Tokyo, 13, 311-15 (1937); 
14, 4^8 (1938). 

22. H. P. JoHN-STON* and A. G. McNish, ‘Variations du champ magn^tique 

terxestre aux observatoires de Watheroo et de Huancayo . . Comptes 
Rendus, Oonyris Intemat. d^lSlectriciti, Paris, 12, 41-52 (1932). For 22a 
seep. 1006. ' 

23. A. G- MoNish, ‘Progress of research in magnetic diirmal variations at the 

Dept, of Perr, Magn., Carnegie Inst, of Washington’, in Int. Union, of 
Geodesy and Geophysics, Association of Terr. Magn. and Atm. Electr., 
Bull. No. 10, Transactions of Edinburgh Meeting, 1936, pp. 271-80. 
Copenhagen, 1937. 

24. -‘Secular change in S at Huancayo’, Terr. Magn. 40, 151-8 (1935). 

25. E. H. Booth, ‘ Some observations on zonal discordances in diurnal magnetic 

variations’, Joum. Proc. Royal Soc. Sydney, New South Wales, 70, 338-42 
(1937). 

26. V. Vacqueer, ‘Short-time magnetic fluctuations of local character’, Terr. 

Magn. 42, 17-28 (1937). 

27. See ref. G 10, p. 336 f. 

28. B. Tetjmpt and K. P. Wassebfaix, ‘Studies on the qixiet diurnal variation 

of magnetic elements’. Norake Vid. Selsk., Skr. Nr. 3, 1-16 (1937). 

29. K. P. WassebealTj, ‘Contribution to the study of the variation in magnetic 

elements Publ. Norske Inst, for Kosmisk Pysikk, No. 16. 23 pp. Bergen, 
1939. 

29a. -‘On the diurnal variation of the magnetic pole’, Terr. Magn. 43, 

219-25 (1938). 

30. -‘S'tudies on the magnetic conditions in the region between Gjdahavn 

and -the magnetic pole during the year 1904’, Terr. Magn. 44, 263-76 
(1939). 

CHAPTER Vm. TEE LUNAR DAILY MAGNETIC VARIATION, L 

1 . H. KbpaT i, ‘Resul’tate dreijahriger magnetischer Beobachfungen zu Mailand 
und Einfluss des Mondes darauf EJf. astr. Milano 1839; Ann. (Ur Physik, 
46, 443 (1839); Denkschriftend^Wierier Akodemie, 3 (1852) and 5 (1853). 



8.19a] BIBLIOGRAPHY 967 

2 . J. A. Broun, Trevandrum Magnetical Observations, vol. I, p. 113, 1874. 

3. C. Chambers, ‘On the limi-solar variations of magnetic declination and 

horizontal force at Bombay, and of declination at Trevandrum’, P?iil. 
Trans. London (A), 178, 1--43 (1887). 

4. N". A. P. Moos, ‘The influence of the moon on the magnetic elements at 

Bombay’, ref. G 46, pp. 610-41. 

5. S. Chapman, ‘On the diurnal variations of the earth’s magnetism produced 

by the moon and sun’, Phil, Trans, London (A), 213, 279-331 (1913). 

6 . See ref. 1, Ch. VII. 

7. S. Chapman, ‘L at Pavlovsk and Pola’, Phil. Trans. London (A), 214, 295- 

317 (1914). 

8 . -‘The limar diurnal magnetic variation, and its change with lunar dis¬ 

tance’, Phil. Trans. London (A), 215, 161-76 (1915); Terr, Magn. 23, 
25-8(1918). 

9. -‘The lunar diurnal magnetic variation at Greenwich and other observa¬ 

tories’, Phil. Trans. London (A), 225, 49-91 (1925). 

10. S. PiGEB, ‘The influence of the moon on the magnetic needle at Batavia, 

1883-1899’, Ohs. Met. Magn. Batavia [G 45], 22 (for 1903), Appendix, 
pp. 183-235. 

11 . A. Schmidt, ‘Der Einfluss des Mondes ... in Potsdam and Seddin ... 1905- 

1924’, VerdJf.Preuss, Meteorol. Inst.Berlin, Nr. 357, Abhandl. Bd. 9, No. 1 
(also under the title: Archiv desErdmagnetismus, Heft 7), pp. 26-80 (1928). 
Preliminary discussion in the Potsdam year-books (ref. G 49) for 1917, 
1918-20, and 1922. 

12. W. VAN Bbmbiblbn, ‘Die Ixmare Variation des Erdmagnetismus’, Meteorol. 

Z. 29, 218-26 (1912); Berichtigung, 30, 689 (1913). 

13. J. Lamont, t)ber don Einfluss des Mondes auf die Magnetnadel’, Sitz.-Ber. 

K. Akad. Wiss. Miinchen, 11, 2 (1864). 

14. E. Sabine, (a) ‘On the influence of the moon on the magnetic declination at 

Toronto, St. Helena and Hobarton’, Phil. Trans. 143, 1863, pp. 649-60; 
(6) ‘On tho Ixmar diurnal variation at Toronto’, ibid. 146, 1856, pp. 
499-606; (c) ‘On tho ovidonce of tho existence of tho decennial inequality 
in the solar diurnal magnetic variations, and its non-existence in the lunar 
diurnal variation, of declination at Hobarton’, ibid. 147, 1867, pp. 1-8. 

15. G. B. Airy, Greenwich Observations, 1SS9 and 1867. 

16. 0. Venske, ‘Die Mondperiode der erdmagnetischenHorizontalkomponenten 

in Potsdam, 1891-1905’, Abhandl, Preuss. Meteorol. Inst. Berlin, Band 6, 
Nr. 4 (1916). 

17 . -‘Dio Mondporiodo dor erdmagnotischon Vertikalkomponente in Pots¬ 

dam, 1891-1906’, Abhandl. Preuss. Meteorol. Inst. Berlin, Band 9, Nr. 1 
(also under tho title: Archiv des Erdmagnetisnms, herausgeg. von Ad. 
Schmidt, Heft 7), pp. 3-23 (1928). 

18. J. P. VAN DER Stok, ‘Lunar diurnal magnetic variation at Batavia’, in 

Batavia Oba. [G 46], vols. 1, 3, 9, 10, 16, alsoProc. Acad. Amsterdam 1887, 
and Archives NSerlandaises, 16,1881. 

19. J. Bartels, ‘ Aufschlusse iiber die lonospliare aus der Analyse sonnen- und 

mondentagiger erdmagnetischer Schwankungen’, Z. /. Qeo^physik, 12, 
368-78 (1936). 

19a. Carnegie Institution of Washington, Year-Book No. 36, for the year 1936-7, 
pp. 237-8; Annual Report, Director of the Department of Terrestrial 
Magnetism, pages 7-9 of reprint. 

3696.8011 3 l 



968 BIBLIOGRAPHY [8.20- 

20. O. SoHNKiDER, ‘Einfluss© der Sorme auf die lunar© Variation d©s Erdmag- 

netismus’, Veroff. MeteoroL Inst, Unw. Berlin, 1, Heft 3, 1936. 

21. S. Chapbian, ‘The moon’s influence on terrestrial magnetism’, Terr. Magn. 

19, 39-44 (1914). 

22. -‘The influence of solar activity on the lunar diurnal magnetic varia¬ 

tion’, Terr. Magn. 22, 87-91 (1917). 

23. Mabio Bossoiasoo, ‘Influenza lunar© suUa declinazion© magnetica’, Atti 

Accad. Peloritcma Messma, 38» 197-200 (1937). 

24. -and J. Eobdaii, ‘ Our knowledge of the lunar-diumal variation of the 

magnetic declination and new results obtained from observations at 
Mogadiscio’, Terr. Magn. 42, 123-6 (1937). 

26. J. DE MorDBETST, ‘Eflet de la position de la lune en angle horaire sur la 
ddolinaison magn^tique k Zi Ka Wei’, Terr. Magn. 22, 43-9 (1917). 

CHAPTER IX. THE MORPHOLOGY OE MAGNETIC DISTURBANCE 

1 . W. GB'mLS Adams, ‘Comparison of simultaneous magnetic disturbances at 

several observatories’, PMl. Trans. London (A), 183, 131-40 (1892). 
la. J. A. Bbotjn, ‘On the horizontal force of the earth’s magnetism*, Proo. 
Boy. 8oc. Bikriburgh, 22 , 511 (1861). 

2 . S. Chapman, (a) ‘!An outline of a theory of magnetic storms ’, Proc. Boy. 

Soc. London (A), 95, 61-83 (1919); (6) ‘Theories of magnetic storms’, The 
Observatory, 41,62-60 (London, 1918); (c) ‘On certain average characteris¬ 
tics of world-wide magnetic disturbance ’, Proo. Roy. Soo. London (A), 115, 
242-67 (1927). 

3. 0. Chbeb, ‘Magnetic phenomena in the region of the magnetic south-polo ’, 

Proo. Roy. Boo. London (A), 104, 166-91 (1923). 

4. -‘Lord Helvin and Terrestrial Magnetism’ (7th Kelvin Lectiure), Jonm. 

Inst. Eleotr. Eng. 54, 406-26 (1916). 

4o. -‘Magnetic Storms’, Joum. Inst.Elect.Eng. London, 57, 591-609 (1919). 

6 . W. VAN Beboctilen, ‘Die erdmagnetisohe Nachstdrung’, Meteorol. Z. 12, 
321 (1896); Terr. Magn. 2, 74r-6 (1897); 5, 123-6 (1900). 

5a. -‘The diurnal field of magnetic disturbance’, Terr. Magn. 8 , 163-74 

(1903). 

6 . A. SoHMTDT, ‘Das erdmagnetisohe Aussenfeld’, Z. f. QeojpJvysik, 1, 1-13 

(1924-6). 

7. L. SiiAUOiTAJS and A. G. MoNish, ‘The field of magnetic storms as deduced 

from the mean difference of magnetic intensity on quiet and disturbed 
days’, Int- Union Geod. Geophys., Assoc, of Terr. Magn. Electr., Bull. 
No. 10, Edinburgh Meeting 1936, p. 289-301. Copenhagen, 1937. 

8 . See ref. 2.79. 

9. G. LtoBiiENro, ‘th)er die tSgliche Period© des Erdmagnetismus und der 

erdmagnetischen Stdrungen an Polarstationen’, Terr. Magn. 4, 246-60 
(1899). 

10. W. VAN BEBOCBaijEN, ‘The starting impulse of magnetic disturbances’, Proc. 

ArMderdam Acad. 1908, pp. 773-82. 

11 . See ref. 2.83. 

12 . W. J. Pbtbbs, ‘Stereogrammatio representation of some sudden commence¬ 

ments’, Comptea Bendus AsserMie de lAshonne 1933, Ass. Magn. Electr. 
Terr., BuU. No. 9, 240-4. 

13. A. G. MoNish, ‘Sudden commencements at Watheroo’, Oomptea Rendns 

Assemblie de Lishoime 1933, Ass. Magn. Electr. Terr., Bull. No. 9, 234-40. 



969 


9.30] BIBLIOG-HAPHY 

14. S. CHAPMAisr, ‘On the times of sudden commencement of magnetic storms’, 

Froc, Plvys, Soc. London, 30, 205-14 (1918). 

15. Luis IloD:fis, ‘Periodo diumo ... en las perturbaciones sdbitas Terr, Magn. 

37, 273-7 (1932). 

16. E. Lbyst, ‘Variationen und StSrungen des ErdmagnetismusMoskva, 

Bull. Soc. Nat. 1913 (1914), pp. 371-595. 

17. J. Keranbn, ‘"Qber den Verlauf der magnetischen Storungen im aperiodi- 

schen Verlauf’, Z. f. Geophysik, 6, 265-70 (1930). 

18. A. Crichton-Mitohbll, ‘On the vertical force changes during the “sudden 

commencement” of a magnetic storm’, Proc. Roy. Soc. Edinburgh, 45, 
297-301 (1926). 

19. S. Chapman, ‘The electric current-systems of magnetic storms’, Terr. Magn. 

40, 349-70 (1935). 

20. E. H. Vbstine and S. Chapman, ‘The electric current-system of geomag¬ 

netic disturbance’, Terr. Magn. 43, 351-82 (1938). 

21 . J. M. Staqg, ‘Aspects of the current-system producing magnetic dis¬ 

turbance’, Proc. Roy. Soc. London (A), 152, 277-98 (1935). 

22. A. H. B. Goldie, ‘The electric field in magnetic storms’, Trans. R. Soc. 

Edinburgh, 57, Part 1, 143-77 (1931); Quart. Joum. Roy. Meteorol. Soc. 
London, 59, 3-15 (1933). 

23. -‘The electric current-systems of magnetic storms’, Terr. Magn. 42, 

105-7 (1937). 

23a. A. G. MoNish, ‘Heights of electric currents near the auroral zone’, Terr. 
Magn. 43, 67-75 (1938). 

24. A. SoHMiDT, ‘Uber die XJrsache der magnetischen Stiirme’, Meteorol. Z. 16, 

385-97 (1899). 

24a. W. VAN Bemmblbn, ‘The magnetic “post-turbation” and the current- 
vortices of Schmidt’, Terr. Magn. 5, 123-6 (1900). 

25. B. B. Sangstbb, ‘On the rotatory character of some terrestrial magnetic 

disturbances at Greenwich and on their diurnal distribution’, Proc. Roy. 
Soc. London (A), 84, 85-92 (1910). 

26. G. Fanselau, ‘Die magnetische Storung vom 24. bis 28. April 1937’, 

Naturmss. 25, 490-2 (1937). 

26a. J. Babtels and Q. Fanselau, ‘Der magnetische Sturm vom 16. April 
1938’, Naturwiss. 26, 296-8 (1938). 

266. A. G. MoNish and H. F. Johnston, ‘Study of the severe magnetic storm 
of April 16, 1938.’ To appear in Trans. Washmgton Assembly 1939, Int. 
Assoc. Terr. Magn. Electr. 

27. M. Bossigbe, ‘Der charakteristische Verlauf einos erdmagnetischen Sturms 

Z.J. Oeophysih, 14, 78-87 (1938). 

28. L. A. Baueb, ‘Notice of magn. distobances during eruption of Mont Pel^e, 

Martinique’, Terr. Magn. 7, 57-8 (1902). 

28a. J, Babtbls, ‘Solar eruptions and their ionospheric effects—a classical 
observation and its new interpretation, Terr. Magn. 42, 235-9 (1937). 
286. B. Stewabt, ‘On the great magnetic disturbance which extended from 
August 28 to September 7, 1859’, Phil. Trans. London, 1861, 423-30. 

29. L. A. Baueb, ‘Data for abruptly beginning magnetic disturbances, 1906-09 

Terr. Magn. 16, 85-108, 163-88 (1911). 

30. -‘ Beginning and propagation of the magnetic disturbance of May 8,1902, 

and of some other magnetic storms’, Terr. Magn. 15, 9-20, 219-32 (1910). 



970 BIBLIOGRAPHY [9.31- 

31. L. A. Bauer and W. J. Peters, ‘Regarding abruptly beginning magnetic 

disturbances’, Terr. Magn, 30, 45-68 (1925). 

32. L. Rod^is, ‘On the non-simultaneity of magnetic storms’, Terr. Magn. 27, 

161-6 (1922). 

33. G. A]S-genheister (Propagation velocities of magnetic disturbances and 

pulsations), Nachrichten Qes. Wise. Qdttingen, Math.-Phys. Klasse, 4, 665- 
81 (1913). 

34. C. Chreb, ‘Time measurements of magnetic disturbances’, Proc. Phya. Soc. 

London, 26, 137-53 (1914); also 23, 49 (1910). 

36. R. L. Paris, ‘Propagation of magnetic storms over the earth’s surface’, 
Terr. Magn. 15, 93-105, 213 (1910); 16, 109 (1911). 

36. A. Tanakadate, ‘Report on three sudden commencements of magnetic 

storms, with remarks by L. Roniss and D. La Cour’, Assembl4e de Lis- 
bonne 1933, Int. Geod. Geophys. Union, Association Magn. Electr. Terr., 
pp. 149-58. 

37. W. G. Adams, ‘Comparison of . . . declination magnetographs at Kew, 

Stonyhurst, Coimbra, Lisbon, Vienna and St. Petersburg’, Brit. Assoc, 
Report, 1880, pp. 201-9; ‘On magnetic disturbances and earth-currents’, 
British Assoc. Report, 1881, pp. 463-74. 

38. W. Eixis, ‘On the simultaneity of magnetic variations at different places on 

occasions of magnetic disturbance, and on the relations between magnetic 
and earth current phenomena’, Proc. Roy. Soc. London, 102, 191 (1892). 

39. E. H. Vbstiiue, ‘ALsynometrical characteristics of the earth’s magnetic dis¬ 

turbance-field’, Terr. Magn. 43, 261-82 (1938). 

40. B. Cynk, ‘Variations in the disturbance-field of magnetic storms’,. Terr. 

Magn. 44, 51-7 (1939). 

CHAPTER X. BAYS, PULSATIONS, AND MINOR DISTURBANCES 

1. L. Steiner, ‘On a special form of magnetic disturbance’, Terr. Magn. 26, 

1-14 (1921). 

2. J. DB Moidrby, ‘Diurnal and annual variation of magnetic bays at Zi-Ka- 

Wei, 1877-1908’, Terr. Magn. 22, 39-41 (1917). 

3. A. G. HoNish, ‘Investigation of magnetic bays’, Intemat. Union Geod. 

Geophys., Ass. Terr. Magn. Electr., Bull. No. 10, Edinburgh Meeting, 
p. 282-9. Copenhagen, 1937. 

4. Erwdt ■Wibobdedrt, Untersuchungen an Baystorungen. Mitt. Geophys. Warte 

Konigsberg Nr. 22. 26 pp. (1934). 

5. P. Lubigbb, ‘Bays undPiilsationen in Samoa Dissertation Univ. Gottingen, 

1924; partly republished in ref. 18. 

5a. H. Hatakbyama, ‘Preliminary discussion on the bay-disturbance in the 
terrestrial magnetic field*, Geophys. Mag. Tokyo, 11, 1-11 (1937). (407 
bays observed at Toyohara in the years 1932-5 are discussed in conjunc¬ 
tion with results from 12 observatories. Ionospheric current systems are 
derived for 4 cases.) 

6. O. W. Toeeejsson, W. E. Scott, H. E. Stanton, F. T. Davies, R. S. 

Richardson, ‘Radio fade-outs of April 8 and November 6, 1936 and May 
25, 1937’, Terr. Magn. 41, 197-201 (1936); 42, 311 (1937). 

7. J. H. DEULiNaBR, ‘Sudden disturbances of the ionosphere’. Bureau oj 

Stemievrds Joiirn. Research, 19,111—42 (Washington, 1937); repr. in Proc. 
Inst. Radio Eng., New York, 25, 1253-90 (1937); Terr, Magn. 42, 49-53 
(1937). 



1Q.25] 


BIBLIOGRAPHY 


971 


8. Raymond Jotjaust, Robebt Bdbeau et Louis ‘Les ^vanouissements 

brusques des ondes radio^leotriques, leurs relations avec les ph4noin6nes 
magn^tiques et solaires’, (7. B. Acad. Sci., 205, 1427-8 (1937).— 

See also historical note by E. V. Appleton referring to Mogel’s work in 
1930, Ten\ Ma^w.43, 487 (1938). 

8a. H. Mogel, ‘tTber die Beziehungen zwischen Empfangs-Stdnmgen bei 
Kurzwellen und den Storungen des magnetischen Peldes der Erde’, 
Telejunken-Zeitungfll, 14-31 (1930). 

9. J. A- Fleming, ‘Notes on radio fade-out of August 25, 1936’, Terr. 'Magn. 

41, 404-6 (1936). 

10. A. G. McNish, ‘Terrestrial-magnetic and ionospheric effects associated with 

bright chromospheric eruptions’, Terr. Magn. 42, 109-22 (1937). 

10a. Jean Coulomb et Geobqes Dugast, ‘Sur les variations du magn4tisme 
terrestre accompagnant lea druptions chromosph^riques’, C. R. Acad. Sci.y 
Pam, 206, 1682-6 (1938). 

11 . L. V. Berknee and A. W. Wells, ‘Study of radio fade-outs’, Terr. Magn. 

42, 183-94, 301-9 (1937). 

12. B. Stewart, ‘On the great magnetic disturbance of 28 Aug. to 7 Sep. 

1869, . . .\Phil. Tram. London, 1861, 423-30. 

13. W. VAN Bemmelbn, Naturk. Tijdschr. Nederl. India, 62, 71-88, 1902.—‘On 

pulsations’, Batavia Ohs. Magn. Met. Ohs. 29, for 1906, Appendix 1-10 
(1908); Meteorol. .Zeitschr.,liANN-Bajid, 268-70 (1906). 

14. M. Bschenhagbn, ‘Erdmagnetische Blementarwellen’, Sitz.-Ber. Akad. 

Wiss, Berlin, 678-86 (1897); Terr. Magn. 2, 105-14 (1897). 

15. T, Arbndt, Bos Wetter, Band 13, pp. 241-63, 265-80 (1896). 

16. G. Angenheistbb, ‘’Cber die Fortpfianzungsgeschwindigkeit magnetisoher 

Storungen und Pulsationen’, Qottinger Nadir., Math.-Physik. Kl., 1913, 
pp, 565-81; Terr. Magn. 25, 26-32 (1920). 

17. J. DE Moidbey, jStltdes sur le magndtisme terrestre (1874-1908), Observatoire 

de Zi Ka Wei (Chine), Faso. 2, 1920. 

18. F. Lubiger, ‘tJber die vom Samoa-Observatorixim registrierten erdmag- 

netischen Pulsationen’, Z.f. Qeophysik, 11, 116-26 (1936). 

19. L. Habang, ‘Observations of micropulsations ... at TromsO’, Terr. Magn. 

37, 57-61 (1931); 41, 329-36 (1936). 

19a. Leiv Habang, ‘Pulsations in an ionized region at height of 660-800 km. 
during the appearance of giant pulsations in the geomagnetic records’, 
Terr. Magn. 44, 17-19 (1939). 

20. E. SuoKSDORFP, ‘Occurrence of rapid micropulsations at Sodanlcylii during 

1932 to 1935’, Ter?\ Magn. 41, 337-44 (1936). 

21. H. F. Johnston, (‘Watheroo’), Int. Union of Geodesy and Geophysics, 

Assoc, of Terr. Magn. and Electr., Bull. 10, Trans. Edinburgh Meeting 
1936, 261-6. Copenhagen, 1937. 

22. B. Role, ‘Ciant micropulsations at Abisko’, Terr, Magn. 36, 9-14 (1931). 

23. D. La Cour, ‘Request for information about the giant pulsation on April 

22, 1938’, Terr. Magn. 43, 199-201 (1938). 

24. F. SoHiNDELHAUEB, ‘tJber elektrornagnetische Storungen’, Blehtrische 

Machrichten^Technik, 5, 442-9 (1928); 6, 231-6 (1929). 

26. L. A. Bauer, ‘R6sum6 of magnetic observations made chiefly by the United 
States Coast and Geodetic Survey on the day of the total solar eclipse. 
May 28, 1900’, Terr. Magn. 5, 143-65 (1900). 



972 


BIBLIOGBAPHY 


[ 10 . 26 - 


26. L. A. Bauee, ‘Report on the magnetic observations made in ilTorth America 

during the total solar eclipse of May 17—18, 1901’, Terr, Mogn, 7, 16-22 
(1902). 

27. -‘Results of international magnetic observations made during the total 

eclipse of May 18, 1901, including results obtained during previous solar 
eclipses’, Terr, Mogn, 7, 155-92 (1902). 

28. -‘Magnetic and allied observations during the total solar eclipse of 

August 30, 1905’, Science, N.S., 22, 411-12 (1905). 

29. -‘Magnetic inspection trip and observations during total solar eclipse 

of April 28, 1911, at Manua, Samoa’. Carnegie Inst. Wash., Pub, No. 175, 
Researches Dept. Terr. Magn., 2, 201-9 (1915). 

30. -‘On the results of some magnetic observations during the solar eclipse 

of August 21, 1914’ (in collaboration with H. W. Risk), Terr, Magn, 21, 
57-86 (1916). 

31. -‘Results of magnetic and electric observations made during the solar 

eclipse of June 8, 1918’ (in collaboration with H. W. Fisk and S. J. 
Mauchly),Tem Magn, 23, 95-110, 156-90 (1918); 24, 1-28, 87-98 (1919). 

32. -‘R^sumd of observations concerning the solar eclipse of May 29, 1919, 

and the Einstein effect’. Science, N.S., 51, 301—11 (1920). 

33. -‘Results and analysis of magnetic observations during the solar eclipse 

of May 29, 1919’, Terr, Magn, 25, 81-98 (1920). 

34. W. VAN BEMMiiEN, ‘Contribution to the knowledge of the influence of 

solar eclipses on terrestrial magnetism’, Nat, Ti^dschr, voor Ned,-Indie, 
64,afil. 3-4: 30 pp. (1905). 

35. C, Chree, ‘Magnetic conditions at Kew Observatory’, Quart, Joum, Roy, 

Meteor, Soc, London, 39, 231-5 (1913). 

ly^any other papers and notes by other authors on magnetic observations 
during other eclipses, are to be fbund in Terrestrial Magnetism, 

36. V. Cablhbim-GyxIiEnskold, ‘Influence of solar eclipses on terrestrial mag¬ 

netism’, Arhiv f. Mat, Astron, och FysiJc Stockholm, 10, Nr. 9, pp- 1-6 
(1914). 

CHAPTER XI, MAGNETIC DISTURBANCE: STATISTICS AND 
SOLAR RELATIONSHIPS 

1. R. A. Fisher, Statistical Methods for Research Workers, 3rd ed. 283 pp. 

Edinburgh, Oliver & Boyd, 1930. 

la. -and F. Yates, Statistical Tables for Biologicdl, Agriaultural and 

Medical Research, 90 pp. London and Edinburgh, Oliver & Boyd, 1938.— 
Contains a table of random numbers. 

2. G. TJ. YtJiiB, An Introduction to the Theory of Statistics. 9th ed. 424 pp. 

London, Ch. Griffin & Co., 1929. 

3. D. Beunt, The Combination of Observations, 219 pp. Cambridge Univ. Press, 

1917. 

4. R. VON Mises, Wahrscheinlichkeitsrechnung. 574 pp. Leipzig und Wien, 

Franz Deuticke, 1931. 

6. E. Toeniee, WahrscheMichkeitsrechnung und allgemeine Integrations- 
theorie, 160 pp. Leipzig, B. G. Teubner, 1936. 

6. H. L. Rietz, Mathematical Statistics, 179 pp. Chicago, Open Court Publish¬ 

ing Co., 1927. 

7. A. Kolmogoeobt', Orundbegriffe der Wahrscheinlichkeitsrechnung, 62 pp. 

{Ergehnisse d. Math, 2, Heft 3.) Berlin, J. Springer, 1933. 



11.27] 


BIBLIOGRAPHY 


973 


8. A. Khintchine, Asymptotiscke Qesetze der Wahracheinlichkeitsrechnung, 

77 pp. (Ergebnisse d. Math. 2, Heft 4.) Berlin, J. Springer, 1933. 

9. E. Kamkb, Einfuhrung in die Wahrscheirdichheitstheorie. 179 pp. Leipzig, 

S. Hirzel, 1932. 

10. See p. 206 f. of ref. G 68. 

11. G. Abetti, ‘On the connection between solar eruptions and terrestrial 

magnetic storms’, Second Report on Solar and Terrestrial Relationshipst 
pp. 9-13 (1929). 

12. C. R. DuyaijL, ‘Numerical magnetic character of days’, Terr. Magn. 37, 

26K7 (1932). 

13. J. Egbdal, ‘Concerning the magnetic numerical character-numbers’, Terr. 

Magn. 40, 206-7 (1936). 

13a. Mabio Bossolasoo e PERNAiirDO Dalmasso, ‘Distribuzione geografica dell’ 
attivit^ magnetica terrestre’, Qeofls. pura appl. 1, 3-20 (1939). 

14. G. VAN Dijk, ‘Magnetic characterization of days’, Terr. Magn. 37, 263-8 

(1932). 

15. A. G. MoNish and A. K. Ludy, ‘The American character-figure 0^’, Terr. 

Magn. 42, 173-7 (1937). 

16. J. Bartels, ‘Terrestrial magnetic activity and its relations to solar 

phenomena’, Terr. Magn., (a) 37, 1-62 (1932); (6) 39, 1-4 (1934); (c) 40, 
266-6 (1936); (d) 41, 374 (1936); (e) 43, 131-4 (1938). 

17. -‘Die interdiurne Veranderlichkeit der Horizontalintensitat als Mass fur 

die erdmagnetisohe Aktivitat’, Meteorol. Z. 40, 301-6 (1923). 

18. -‘Erdmagnetisohe AktivMt 1836-1923’. Preuss. Meteorol. Inst., 

Abhandl. Band 8, Nr. 2, pp. 44-69. (= Archiv des Erdmagnetismus, Heft 
6; Veroff. Nr. 332.) Berlin 1926. 

19. -‘Eine universelle Tagesperiode der erdmagnetischen Aktivitat’, 

Meteorol. Z. 42, 147-62 (1925). 

20. W. VAN Bemmblen, Nachstorung, Aktivitat imd interdiiune Verander¬ 

lichkeit der Horizontalliomponente beim Erdmagnetismus’, Meteorol. Z. 
42, 143-7 (1926). 

« 

21. H. B. Maris and E. O. Hulburt, ‘Comets and terrestrial magnetic storms 

Physical Review, 33, 1046-60 (1929); Trans. Amer. Geophysical Union, 
1931, pp. 131-2. 

22. H. B. Maris, ‘Annual variations in magnetic storms’. Physical Review, 37, 

1680-1 (1931). 

22a. -‘Seasonal variations in magnetic storms ’, Physical Review, 39, 604-14 

(1932). 

23. A. Wig AND, ‘Erdmagnetisohe und luftelektrische Stdrungen in Halle beim 

Durchgang dos Halleyschen Kometen am 19. Mai 1910’, Verhandl. 
Deutsche PhysiJe. Ges. 12, 511-30 (1910). 

24. W. Brunner, ‘ Abhangigkeit der Korrelation zwischon Sonnenfieckenzahlen 

und erdmagnetischen Aktivitatszahlen innerhalb der 11-jahrigen Periode ’, 
Astron. Mitt. Zurich, No. 133, pp. 131-6 (1936). 

26. C. Chrbe, ‘Magnetic disturbance and aurora ... at Cape Denison in 1912- 
13’, Proc. Phys. Soc. London, 39, 389-406 (1927). 

26. See ref. 6.5. 

27. See ref. 9.3. 



974 BIBLIOGRAPHY [11.28- 

28. C. Chrbe, ‘Magnetic decimation at Kew Observatory, 1890 to 1900’, PhiL 

Trans. London (A), 208, 205-46 (1908). 

29. -‘Some phenomena of sunspots and terrestrial magnetism at Kow 

observatory’, PTiiZ. Trans. London (A), 212, 76-llG (1912); 213, 245-77 
(1913). 

30. ‘Comparison of magnetic storms and sunspots derived from Greenwich 

observations, 1874 to 1927’, Greenwich Photo-Heliogra^Mc Results 1927, 
pp,C 127-39. 

*31. W. M. H. Geeaves and H. W. INewtok, Monthly Notices Roy. Astron. Hoc. 
London, (a) 88,666-67 (1928); (6) 89, 84-92, (c) 641-6 (1929). (Discussions 
of this Greenwich catalogue.) For 31a see p. 1006. 

32. W. Ellis, ‘The relation between magnetic disturbance and sunspot fre¬ 

quency’, Monthly Notices Roy. Astron. Soc. London, 60 , 142-67 (1900). 

33. -‘Sunspots and magnetic disturbance’, Monthly Notices Roy. Astron. Hoc. 

London, 61, 538 (1901). 

34. E. W. Maundee, ‘Magnetic disturbances... at Greenwich, and their associa¬ 

tion with simapots’. Monthly Notices Roy. Astron. Soc. London, 64 , 205-24 
(1904); 65 , 2-34, 638-69, 666-81 (1905); 76 , 63-8 (1916). 

34a. A. L. CoETiE, ‘The efficiency of sunspots in relation to tcrr.-magn, dis¬ 
turbances’, Monthly Notices Roy. Astron. Soc. London, 76 , 15—18, 631—4 
(1915). See also ref. 24.13. 

36. William Ellis, ‘On the relation between the diiunal range of J) and H at 
Greenwich, 1841-1877, and the period of solar spot frequency %Phil. Trans. 
171, 541-60 (1880). 

36a. See ref. 6.8. 

36. See ref. 6,3. 

37. C.Maubain", * Sur I’intervalle de temps entre les phenom6nes solairos ot les 

perturbations magn^tiques terrestres ’, Annales de Vlnst. Physique d/ti Globe, 
Univ. Paris, 12, 63—76 (1934); Gomptes Rendvs Acad. Sci. Paris, 196, 
1182-6 (1933). 

33- -‘Sur les relations entre les perturbations niagn6tiquo8 terrestres ot 

I’activit^ solaire’, Annales de Vlnst. Physique du Globe, Univ. Paris, 5, 
86-108 (1927); Gomptes Rendus Acad. Soi. Paris, 182, 1550-2 (1926). 

39. J. M. Stago, The Time Irvterval between Magnetic Disturbance and Associated 
Sunspot Changes. Geophysical Memoirs, 5, No. 42, 16 pp. London, 
Meteorological Office, 1928. 

Absolute Daily Range of Magnetic Decimation at Kew, 1901-1910, 
1926^^^' ^e^oirs, 3, No. 29, 240-65. London, Meteorological Office, 

- hourly Character Figures of Magnetic Disturbance at Kew, 1913-1923. 

Geophys. Memoirs, 4, No. 32. 24 pp. London, Meteorological Office, 1926. 

diurnal variation of niagnetic disturbance in high latitudes 
Proc.Roy. Soc. London (A), 149, 298-311 (1936). 

43. See r^s. 10.7, 10.8, 10.10. 

44. J. Bartels, ‘Potsdamer erdmagnetische Kennziffem. 1. Mitteilung’, Z.f. 

Qeophysih, 14, 68-78 (1938). Eurther communications in each issue of 
Z.f. Oeophysih; summary in 15, 214-21 (1939). The international three- 
houily range-indices K introduced at the Washington Assembly, 1939, of 
the Int. Assoc, of Terr. Magn. and Electr., will be based on the ‘Kenn- 
ziffem’ from several observatories. For 44a see p. 1006. 



12.18] 


BIBLIOaRAPHY 


975 


CHAPTER XII. THE 27-DAY RECURRENCE TENDENCY IN 
MAGNETIC CONDITIONS 

1. C. Chreb, see 11.29. 

2. -‘The 27-day period (interval) in terrestrial magnetism’, Proc. Boy. iSoc. 

London (A), 101, 368-91 (1922). 

3. -and J. M. Stagg, ‘Rectirrence phenomena in terrestrial magnetism’, 

PhiL Trans, London (A), 227, 21-62 (1927). For 3a seep, 1007. 

4. J. A. Broun, ‘On certain results of magnetical observations’, Philos^ 

Magazine, 16, 81-99 (1868); ‘Sur les variations barom^triques et leurs 
rapports aveo les variations magn^tiques ’, Gomptes RendusParis, 76,696- 
9 (1873), 

6. K. Hornstbin, ‘Obor die Abhangigkeit des Erdmagnetismus von der Sonne ’, 
Sitz.-Ber. Akad, Wien, 64, 62 (1872). 

6. J. Liznar, ‘tJber don taglichen imd jahrlichen Gang sowie xiber die Stfirungs- 

perioden der magnetischen Deklination zu Wien’, Sitz,-Ber, Akod, Wiss, 
Wien, Math.-natiirwiss. Kl,, Abt. II, 91, 464-76 (1885); ‘Cber die 26- 
tagige Periods der taglichen Schwanknng der erdmagn. Elemente’, ibid. 
94, 834-43 (1886); ‘tJber die 26tagige Periode der erdmagnetischen 
Element© inhohen magnetischen Breiten’, ibid. 95, 394-408 (1887); ‘Ein 
Beitrag zur Keimtnis dor 26tagigGn Periode des Erdmagnetismus’, ibid., 
Abt. II a, 726-38 (1894). 

7. A. Harvey, ‘Sunspots and allied phenomena’, Selected Papers and Proceed¬ 

ings of the Roy, Astron, Soc. Canada, 1902-3, pp. 73-87. 

8. See ref. 11.34. 

9. J. M. Stag a, The 21-day Recurrence Interval in Magnetic Disturbance, 

An examination made with the aid of hourly character-figures, Geophys. 
Memoirs, 4, No. 40. London, Meteorological Office, 1927. 

10. W. M. H. Greaves and H. W. Newton, ‘On tb© recurrence of magnetic 

storms’, Monthly Notices Roy, Astron, Soc, London, 89, 641-6 (1929). 

11. J. Bartels, ‘Twenty-seven day recurrences in terrestrial-magnetic and 

solar activity, 1923-33’, Terr, Magn, 39, 201-2 (1934). The recurrence 
time-pattern for 1906 to 1930 is given in ref. 11.16a- See also Tables I 
and J at the end of this book. 

12. G. Angenkeister, ‘Periodicity of activity in terrestrial magnetism and the 

rotation of the sun’, Terr, Magn. 21 y 57-79 (1922). 

13. A, S. D. Maunder, ‘Catalogue of recurrent groups of sunspots, 1874-1906’, 

Qreenvyich Photoheliographic Results for 1907, Appendix. 

13a. (Greenwich) ‘Solar faoulae—their occurrence and distribution in latitude’, 
Monthly Notices Boy. Astr. Soc. 84, 96-9 (1924). 

14. W. J, Peters and C, C. Ennis, ‘The 27-day reourrency in earth currents’, 

Terr, Magn. 31, 57-70 (1926). 

14a. A. M. Sjkellett, ‘On the correlation of radio transmission with solar 
phenomena’, Proc. Inst. Radio Eng. 23, 1361-9 (New York, 1936), 

16. See ref. 11.15. 

16. F. Schcindelhaubr, DieLuftstdrungen der droMlosen Telegraphic, Reichsamt 

fur Wetterdienst, Wiss. Abhandl. Band 3, Nr. 5. Berlin, J. Springer, 
1937; Z,f, Geophysih, 12, 299-305 (1936). 

17. S. CHAPiiiAN, ‘Solar streams of corpuscles: their geometry, absorption of 

light and penetration’, Monthly Notices Boy, Astron. Soc. London, 89, 
456-70 (1929). 

18. See, pp. 21, 22 of ref. 11.10a. 

SB96.30 u 3 k. 



976 BIBLIOGBAPHY [12.19^ 

19. E. W. Maxustdee, ‘DSTote on the distribution of solar faculae Monthly Noticea 

Boy. Astron, Soc. London, 80, 724-38 (1930). 

20. A. SoHMiDr, ‘Eine SOtagige Sonnenfleckenperiode ?’, Astron. Nachr, 214, 

409-14(1921). Also remarks in Jkfe<eoroZ..Zr. 26,511 (1909); 37, 166(1920); 
42, 240 (1925). 

21. See ref. 16.21. 

22. E. Gehlinsoh, ‘ Sonnenfleckentatigkeit und erdmagnetische Storungen’, 

Mitt. Inat. theoret. Astron, und analyt. Mech., Lettldndische Univ,, No. 3, 
pp. 77-186 (Biga, 1928); Z^f, Oeophysik, 6, 271-84 (1930). 

23. See ref. 20.10. 

CHAPTER Xm. EARTH-CURRENTS 

1. W. R. Bablow, * On the spontaneous electrical currents observed in the wires 

of the electric telegraph’, Phil. Trans, Roy. jSoc. 61 (1849). 

2. J. E. Bubbakk, ‘Earth-currents and a proposed method for their investiga- 

gation’, Terr. Magn. 10, 23-49 (1905). 

3. K. T. Clement, Daa grosse Nordlicht in der Nacht zum 29. Aug. 1859 und die 

Telegraphenverwirrung in Nord-AmeriJca und Europa. 121 pp. Hamburg, 
1860. 

за. r hTATtT.TC fl V. WAiiKEB, ‘On magnetic storms and earth-currents’, Phil, 

Trans. London, 1861, pp. 89-131. 

зб. HumphebyLloyb, ‘ On earth-currents, and their connexion with the diurnal 

changes of the horizontal magnetic needle’, Trans. Roy. Irish Acad. 24, 
116-41 (1861). 

4. 0. H. Gish, ‘The natural electric currents in the earth’s crust’, Scierd, 

Monthly, 32, 6-21 (1931). 

6. -‘The natural electric currents in the earth Scient. Monthly, 43, 47-67 

(1936). 

6. -‘ Electrical messages from the earth; their reception and interpretation ’, 

Journ. Acad. /Sciences Washington, 26, 267-89 (1936). 

7. W. J. Roohey, Earth-currents. In series ‘Physics of the Earth’. Bull. Nat. 

Res. Cotmcil, in preparation. 

8. B. WErNSTEiN, Die Er^trome im deutschen Reichstelegraphengebiete und ihr 

Zusammenhang rmt den erdmagnetischen Erscheinungen. vi-f-78 pp., with 
atlas of 19 pis. Braunschweig, 1900. 

9. E. Ollendobee, Erdstrome. 260 pp. Berlin, 1928. 

10. S. Lembtbom, ‘Earth-currents and electrical currents in the atmosphere 

and their relations to the Earth’s magnetism’. Of vers. F. Vet. Soc. 41, 
45 pp. (1899). 

11. E. Wenneb, a method for measuring earth-resistivity Bull. U.S. Bureau 

of Standards, 12, 469-78 (1916); Joum. Washington Acad. Sciences, 5, 
661-3 (1915). 

12. J. N. Hummel, ‘Unterlagen der geoelektrischen Aufschliessungsmethoden’, 

Beitr. angew. Geophysih, 5, 32-132 (1935); ‘Der scheinbare spezifische 
Widerstand’, Z.f. Geophysih, 5, 89-104, 228-38 (1929). 

13. Irwin Roman, ‘The calculation of electrical resistance for a region under¬ 

lying two uniform layers’, Terr. Magn. 38, 117-40, 185-202 (1933). 

13a. R. J. Watson and J. E. Jobnson, ‘On the extension of two-layer methods 
. ... to three and more layers’, Geophysics, 3, 7-21 (1938). 

136. T. A. Manhabt, ‘Model tank experiments and methods for interpretation 
of resistivity curves’. Quart. Colorado School Min. 32, 141-68 (1937). 



977 


13.29] BIBLIOGRAPHY 

13c. R. F. Aldkejdge, ‘The effect of dipping strata on earth-resistivity deter¬ 
minations’, Quart. Colorado School Min. 32, 171-86 (1937). 

14. M. Mitskat, ‘Potential distribution about an electrode on the surface of the 
Earth, Physics, 4, 129-47 (1933). 

16. L. V. King, ‘ On the flow of electric current in semi-infinite media in -which 
the specific resistance is a function of the depth’, Phil. Trans. (A), 233, 
327-69 (1934); ‘On the flow of electric current in semi-infinite stratified 
media’, Proc. B. Soc. (A), 139, 237-77 (1933). 

16. L. B. Slighter, ‘The interpretation of the resistivity prospecting method 

for horizontal structures’. Physics, 4, 307-22, 407 (1933); also R. 
Langer, Bull. Amer. Math. Soc. 39, 814 (1933). 

17. A. F. Stevenson, ‘On the -theoretical determination of earth resistance from 

surface potential measurements’, Phil. Mag. 19, 297-306 (1936). 

18. 0. H. Gish and W. J. Rooney, ‘Measurement of resistivity of large masses 

of undisturbed earth’, Terr. Mogn. 30, 161-88 (1926). 

19. C. Schltjmbebger, J^tude sur la prospection ilectrigue du sous-sol. Paris, 

1920. 

20. S. WHiTEHEAn and W. G. RadlbY, ‘Experiments relating to the distribu¬ 

tion of alternating electric currents in the Earth and the measurement of 
the resistivity of the Earth’, Proc. Phys. Soc. 47, 689-614 (1935). 

21. K. SxTNDBERG, H. Ltjndbebq, and J. Eex-cind, Electrical Prospecting in 

Sweden. Sver. Geol. Undors. Arsbok 17, Nr. 8, Ser. C, Nr. 327. Stock¬ 
holm, 1925, 

22. -, ‘Principles of the Swedish geo-eleotrical methods’, Beitrdge z. Geophysik, 

Erganzungshefte, 1 , 298-361 (1931). 

22a. Charles M. Fooken, ‘The Sundberg inductive method of electrical pro¬ 
specting’, Quart. Colorado School Min. 32,226-62 (1937). 

226. F. Tolkb, ‘Die geophysikalisohe Baugrxmd-XJntersuchung’, Eatunviss. 26 ^ 
809-18, 826-33 (1938). (Applications of the Wenner resistivity survey 
in the exploration of river dam sites. More extensively treated in the 
handbook; Fr. Tolke, Talsperren. 734 pp. Berlin, J. Springer, 1938.) 
22c. Hans Lundberg, ‘Practical results obtained from geophysical surveys’, 
Techn. Publ. Amor, Min. Metallurg. Engr. Nr. 954, 1-29 (1938). 

22d. C. M. Tattam, ‘The application of electrical resistivity prospecting to 
groundwater problems *, Quart. Colorado School Min. Z2, 119-38 (1937). 

23. L. B. Slighter, ‘Largo electrical map of Central Massachusetts by the 

Massachusetts Institute of Technology’, Trans. Amer. Qeophys. Union, 
16th annual meeting, p. 186 (1934); Phys. Eev. 45, 286 (1934). 

24. E. RoTHifi, Ees mithodes de prospection du sous-sol. Paris, Gauthier-Villars 

& Cie, 1930 (viii+392), 

25. VoLKER Fritsoh, GrundzUge der Punhgeologic. 121 pp. Braunschweig, 

Viewog, 1939. 

26. See rof. 4.2. 

27. 'B.Qv^mx'B's^'BO^Mandhuohdcr Geophysik. Bd. 6, Lief. 1, 1931 (1-83). Berlin, 

Gebriider Borntraeger. (‘Eigenschaften der Gesteine’, von H. Reich.) 

28. Y^iim-llKmmiHaYdhuoh derExperirmntalphysik. Bd.26,T©il 3, Angewandte 

Geophysik, Leipzig, Akademische Verlagsgesellschaft m.b.H., 1930 (xi-f- 
666). (‘Die elektrischen Methoden der angewandten Geophysik’, von. 
J. N. Hummel und W. Heine.) 

29. H. Haalok, Lehrhuch der angewandten Geophysik. Berlin, Gebriider Bom- 

traeger, 1934 (viii-t-376). 



978 


BIBLIOGRAPHY 


[13.30- 


30. See ref. 4.1. 

31. W. EUlctrische BodcYtJorschufig, Berlin, Gebr. Borntraeger, 1928. 

32. O. IOrummel, Handhuch der Ozeanographie, 1, 291. Kiel, 1907. 

33. W. Stern, ‘Das Widerstandsverfahren zur Untersuchung von Tektonik 

und Hydrologie des TJntergnindes Beitr. angew. Oeophysik, 3, 408—62 
(1933). 

34. A. LoHNBERa xind W. Stern, ‘Ein neuer Weg der karsthydrologischon 

Forschnng durch Anwendung geoelektrischer Methoden’, Oeophysik, 
8, 283-305 (1932). 

34a. J. B. Ostbrmbibr, ‘Erdstrommessiingen bei Pfafenreuth’, Beitr. z, 
angewandten Qeophys. 4, 186-200 (1934). 

36. W. J. Rooney and 0. H. Gish, ‘Results of earth-resistivity surveys near 
Watheroo, Western Australia, and at Ebro, Spain, Terr, Magn. 32, 49-63 
(1927); ‘Earth-resistivity survey at Hnancayo, Peru’, Tert\ Magn. 35, 
61-72 (1930). 

36. W. Nunibb, ‘Messung der elektrischen Leitfahigkeit der Erde in ver- 

sohiedenen Tiefen durch die von einem Kreisstrom induzierten Strome 
(mit Vermeidung merkliohen Skineffekts) Beitr, angew, Qeophysih^ 3, 
370-91 (1933).—J. Kobnigsbergbr, ‘ Induktionsmessung im Zentrum 
einer Kreisschleife zur Leitfahigkeitsbestinunung in der Erde. Ergan- 
zungen’, angew, Geophysik, 3, 392-407 (1933).—J. Kobnigsbergbr, 
‘Ergluizungen zur Bestimmiing des wahren Widerstandes im Erdboden 
nach dem Zentralinduktionsverfahren und dom 4-Punktverfahr0n ’, Beitr, 
angew, Geophysik, 4, 201-16 (1934). 

37. W. J. Rooney, ‘Earth-resistivity measurements in the Copper Country, 

Michigan’, Terr, Magn, 32, 97-126 (1927). 

38. O. H. Gish and W. J. Rooney, ‘ On earth-current observations at Watheroo 

Magnetic Observatory, 1924r-1927 ’, Terr, Magn, 33, 79-90 (1928); ‘Results 
of earth-current observations at Huancayo Magnetic Observatory, 1927- 
1929’, Terr, Magn, 35, 213-24 (1930). 

39. O. H. Gish, ‘General description of the earth-current measuring system at 

the Watheroo Magnetic Observatory’, Terr, Magn, 28, 89-108 (1923). 

40. W. J. Rooney, ‘Seasonal variation in earth-currents at Tucson, Arizona’, 

Terr, Magn, 40, 183-92 (1935). 

41. -and K. L. Shbrivlan, ‘Earth-current measurements at the College- 

Fairbanks Polar-Year Station’, Terr. Magn. 39, 187-99 (1934). 

42. S. J. Matjohly, ‘A study of pressure and temperature effects in earth-current 

measurements’, Terr, Magn. 23, 73-91 (1918). 

43. O. H. Gish, ‘ Suggestions for earth-current observations during the Inter¬ 

national Polar Year’, Organisation M6t. Intemat., Ko. 10, pp. 177-82 
(1932). 

44. ‘Report on uniform convention regarding the sense of earth-current com¬ 

ponents’. Intemat. Union Geod. Geoph., Ass. Terr. Magn. EL, Edin¬ 
burgh Meeting 1936, p. 236 f. (Bull. Ko. 10). 

46. W. J. Rooney, ‘The significance and accuracy of measurements of earth- 
current potentials’, Terr, Magn, 37, 363-74 (1932). 

46a. B*^»Bjjs:B'B^^Begi8traition of Earth-eurrerU with Neutral Electrodes, Mem. 

India Meteorol. Dept. 26, Part 1. 11 pp. Delhi, 1933. 

46. W. J. Rooney, ‘Earth-current variations with periods longer than one day’, 
Terr, Magn, 42, 165-72 (1937). 



979 


13.66] BIBLIOGKAPHY 

47. R. W. Fox, ‘On tho electromagnetic properties of metalliferous veins in the 

mines of Cornwall’, PliiL Trans, B, Soc., pp. 399-414 (1830). 

48. V. Obbbguggenbergbr, ‘Erdstrombeobachtungen im Gebirge’. Wien, 

Sitz,-Ber. Ah. Wise., Math.-naturw. KL, Abt. Ila, 135, 99-116 (1926), 

49. 0. H. Gish, ‘The problem of vertical earth-currents’, Trans. Amer. Geophys. 

Union, 14th annual meeting, pp. 144-6 (1933), 

60. A. Nippoldt, ‘tiher das Wesen des Erdstroms’, Met. Z. 46, 244-61 (1911). 
51. 0. H. Gish, ‘ The anomalous monntain effect in earth-current measurements 
Teir. Magn. 37, 407-8 (1932).— J. G. Koenigsbbrger, ‘On the vertical 
component of the earth-current in mormtainous regions’, Terr. Magn. 37, 
406 (1^)32). 

62. S. E. Forbush, ‘Apparent vertical earth-cun’ent variations at the Huancayo 

Magnetic Observatory’, Terr. Magn. 38, 1-11 (1933). 

63. J. Koenigsbbrger and O. Heoker, ‘Beobachtungen des vertikalen Erd¬ 

stroms an einem Berge und in der Ebene’,-^./. Geophysik, 1,162-9 (1926). 

64. B. Brunhes, ‘Les courants telluriques entre stations d’altitude diff^rente’, 

ComptesRendus Acad. jSci. Paris, 147, 1446-6 (1908); 149, 74-6 (1909). 

66. P. Rougerie, ‘Relation entre I’activit^ solaire et I’amplitude diurne des 

courants telluriques nord-sud k I’Observatoire de I’fijbre’, Comptes Rendus 
Acad. Sci. Paris, 202, 967-8 (1936). 

56. W. jr. Peters and C. C. Ennis, ‘The 27-day rocurrenoy in earth-currents’, 
Terr. Magn. 31, 67-70 (1926). 

67. W, VAN Bemmelen, ‘Earth-current registration at Batavia’, Proc. Acad. 

Wet, Amsterdam (1908) [three commimioations]. 

58. J. Bosler, Bur les relations des orages magndtiques et des pMno7n^nes solaires. 

Thos. No. 1446, Facult6 dos Sciences, Paris, 96 pp. (1912). 

69. R. Book and F. Moenoh, ‘tJber Schwankimgen dos Erdstroms und des 
Erdmagnotismus im Polarjahr 1932/33’, Elektr. NachricMen-Technik, 13, 
331-5 (1936). 

60. W. .T‘. Rooney, ‘Aurorae and earth-currents’, Terr. Magn. 39, 103-9 (1934). 

61. 0. H. Gish and W, J. Rooney, ‘New aspects of earth-current circulation 

revealed by polar-year date’. Internat. Union Geod. Geophys., Assoc. 
Terr. Magn. Eloctr., Bull. No. 10, Edinburgh Meeting, 1936, pp. 378-82 
(1937). 

62. W. J. Rooney, ‘Diurnal variation of earth-current potentials on magneti¬ 

cally disturbed and magnetically calm days’, Union G6od. Geophys. 
Internat., Assoc. Magn. Electr. Terr., Bull. No. 9, Assemble© de Lisbonne, 
1933, pp. 248-61. 

62a. -‘Variation in earth -current activity with th © sun-spot-cycle’. To appear 

in Trans. Washington Assembly 1939, Int Assoc. Terr. Magn* Electr. 

63. J. Bartels and W. J. Rooney, ‘A typical case of variability of tho quiet- 

day diurnal variation in terrestrial magnetism and earth-currents at 
Watheroo’, Terr. Magn. 37, 63-6 (1932). 

64. L. A. Baiter, ‘ Some results of recent earth-curremt observations and relations 

with solar activity, terrestrial magnetism, and atmospheric electricity’, 
Terr. Magn. 27, 1-30 (1922). 

66. G. 0. SotTTHWORTH, ‘Eaxth-potential measurements made during tho Inter¬ 
national Polar Year’, Terr. Magn. 40, 237-64 (1936). 

66. B. W. Currie, ‘Earth-current observations at Chesterfield, Canada’, Terr. 
Magn. 40, 317-24 (1936). 



980 BIBLIOG-BAPHY [13.67- 

67. J. Egedal, ‘On the liineir-diumal variation in the earth-currents’, (Terr. 

Mogn, 42, 179-81 (1937); corrections in 43, 89 (1938). 

68. P. Bottgebib, ‘fitude de Teffet lunaire sur les courants telluriques enregistr^s 

k . . . Parc Saint-Mam*’, Paris, Gom^tes Bendus Acad. Sci. 205, 1252-3 
(1937). 

69. W, J. Booney, ‘Lunar diurnal variation in earth-currents at Huancayo and 

Tucson’, Terr. Mogn. 43, 107-18 (1938). 

70. S. Chatman and T. T. Whitehead, ‘The influence of electrically conducting 

material 'within the earth on various phenomena of terrestrial magnetism 
Cambridge, Trans. Phil. Soc. 22, 463-82 (1923). 

71. S. Chatman and T. T. Whitehead, ‘On the observations of e#rth potential- 

gradient at Ebro’, Terr. Mogn. 28, 125-8 (1923). 

72. A. SoHxrsTBB, ‘On the intei^retation of earth-current observations’, Terr. 

Mogn. 3, 130-1 (1898). 

73. O. Venske, ‘Die BedeutungvonErdstrombeobachtimgen’,Preuss. Meteorol. 

Inst., Bericht iiber die TdtigJceit im Jahr 19S1, pp. 102—6 (Berlin, 1932). 
73a. K. Tbraea, ‘Thunderstorm as a cause of the earth-current ’, Qeophys. Mag. 
Tokyo, 9, 269-77 (1935); Abstract by Rooney, Terr. Magn. 41,192 (1936). 

74. P. B. Young, H. Gebbabd, and W. Jevons, ‘On electrical disturbances due 

to tides and waves’, Phil. Mag. 40, 149-69 (1920). 

76. M. Bebnabd, ‘Observations du courant tellurique dans un c6,ble sous-marin 
Onde electr, 17, 466-8 (1938). (In a broken transatlantic cable of 600 km. 
length, the current varied distinctly with the tides. The effects connected 
with the magnetic storms of April 16 and May 11, 1938, were also re¬ 
corded.) 


CHAPTER XIV. THE AURORA POLARIS 

1. A. Aih&ot, The Aurora Borealis. 264 pp. London, 1896. 

2. H. PjEuraz, Das Polarlicht. 348 pp. Leipzig, 1881. 

3. L. Vegabd, ‘Das Nordlicht’, Handbuch der Experimentalphysik (Wien- 

Harms), Band 26, Teil 1, pp. 385-476 (Leipig, 1928). 

4. C. SroBMEB, *Uber die Probleme des Polarlichtes’, Ergehn. d. Jcosmischen 

Phys. 1, 1-86 (Leipzig, 1931). 

4a. E. W. Hbwson, ‘A survey of the facts and the theories of the aurora’. 
Reviews of Modem Physics^ 9, 403-31 (1937). 

46. L. Vegabd, ‘Die Deutung der Nordliohtersoheinungen und die Struktur 
derIonosphaTe’,.E7rge6n. d. exakt. Nakirwiss. 17, 229-81 (1938). 

6. Photographic Atlas of Anroral Forms cmd Scheme for Visual Observations of 
Aurorae. (Publ. by the Int. Geodetic and Geophys. Union.) 24 pp. 
Oslo, A. W. Brcggers Boktrr., 1930.—Supplement, 32 pp. 1932. 

6. M. DB Maeban, Traiti physique et Jvistorique de Vouarore boriale. Paris, 1733. 
6a. J. Daxton, Meteorological Observations and Essays. Eirst edition {70 pp. 

on aurorae) 1793, second edition (27 additional pages on aurora) 1834, 
London.—‘ On the height of the Aurora borealis above the surface of the 
earth; particularly one seen on the 29th of March 1826’, Phil. Trans. 
1828, pp. 291-302. 

7. J. Lovebing, ‘On the Periodicity of the Aurora Borealis’, Mem. Amer. 

Acad., Xew Series, 10, 1868. 

8. H. Fbeez, Verzeichnis heobachteter Pclarlichter. Wien (Akademie), 1873. 



14.27] 


BIBLIOGEAPHY 


981 


9. W. BolIjER, ‘Das Sudlioht’, Gerlands Beitr* zur Geo^hyaihy 3, 66—130, 660— 
608 (1898). 

10. R. Rtjbbnson, Catalogue dea aurores hordales observies en Suide (1536—1877). 

Kongl, Svenska Vet.-Akad. Handlingar 15, Nr. 6, Stockholm, 1879; 18, 
Nr. 1, 1882. 

11. Under the Bays of the Aurora Borealis. Vol. 1, 203 London, 
1885. 

12. - Catalog der in Norwegen bis Juni 1878 beohacTiteten Nordlicliter. 

Kjistiania, 1902. 

12a. See refs. 24.18-33, and refs. 26.1-8. 

13. L. Vegabd, ‘Bericht liber die neueren Untersuchungen am Nordlicht’, 

Jahrbuch d. Rodioaktivitdt^und EleJctroniky 14, 383-466 (1917). 

14. C. Stobmeb, Bericht ilber eine Expedition nach Bossekop. Yidenskapsselsk. 

Skrifter. I.Mat.-Naturv.Kl. lllpages, 8Opiates. Kristiania, 1911,Nr. 17. 

16. L. Veoard and O. Kbogness, The position in Bpace of the Aurora Polaris 
from Observations made at the Haldde^Ohservatory, 1913-M. Geofysiske 
Publ. 1. Nr. 1, 172 pp., 29 plates. Kristiania, 1920. 

16. C. Stormeb, Bisultats des mesures photograrrmdtriquea des aurores borkdes 

observies dans la Norvdge Meridionals de 1911 d 1922. Geofysiske Publ. 4, 
Nr. 7. 108 pp., 48 plates. Oslo, 1926. 

17. H. U. SvBBDBTO, Auroral Results, Maud-Expedition, 1918-1925. Bes. Dept. 

Terr. Magnetism, Carnegie Inst. Washington, Publ. 176, 6, 1927. 

18. -‘On the importance of auroral photographs taken from one station’, 

Terr. Magn. 33, 198-202 (1928). 

18a. J. M- SrAGQ and JT. Paton, ‘Aurora and geomagnetic disturbance’. Nature, 
143,941(1939). 

19. V. Fulieb, ‘Auroral observations at Alaska, 1930-34’, Terr. Magn. 36, 297- 

308 (1931); 37, 169-66 (1932); 38, 207-38 (1933), 40, 269-76 (1936). 

19a. J. C. McLennan and H. 8. Wynne-Edwabds, ‘Height of the polar aurora 
in Canada’, Canad.J. Research, 5, 286-96 (1931). 

20. C. Stobmeb, Remarkable Aurora Forms from Southern Norway. Geofys. 

Publ. Oslo, 11, Nrs. 6 and 12 (1936/6). 

20a. -‘ Some results regarding height and spectre of aurorae over Southern 

Norway during 1936’, Geofys. Publ. Oslo, 12, Nr. 7, 1-42 (1938). 

21. K. Wegbneb, ‘Das Polarlicht in Spitzbergen nach photogrammetrischen 

Messungen 1912/13’, in H. Heegesbll, Bos Leutsche Ohservatorium in 
Spitzbergen. Schxiften d. Wiss. Ges. Strassburg, Heft 21. Strassbuxg, 1914. 

22. C. St5b30ib, Measuring of Aurorae with very long Base-lines. Geofys. Publ. 

Oslo, 11, Nr. 3. 16 pp. (1936.) 

23. 0. Basohin, ‘Die ersten Nordlichtphotographien, aufgenommen in Bossekop 

(Lappland)’, Meteorol. Z. 17, 278-80 (1900). 

24. W.Baueb, ‘tritraroteNordliohtphotographie’, Naturwiss. 20, 287-8 (1932); 

see also pp. 720-1. 

26. L. Habang and W. Batjbb, ‘tJber einen Nordhchtbogen in weniger als 
60 km H5he’, Qerlands BeiPrdge z. Geophysik, 37, 109-16 (1932). 

26. - ‘Filteraufnahmen von Polarlicht’, Z.f. Geophysik, 7, 324-36 (1931); 

Geofys- Publik. 10, Nr. 8. 27 pp. Oslo 1934; Qerlands Beitrdge z. Qeo- 
physik, 44, 229-35 (1936). 

27. -‘H6henbestimmimgen imd Spektralaufnahmen von sonnenbelichteten 

und rot gefarbten Nordliohtem ’, Qerlands Beitrdge z. Geophysik, 48, 
1-12 (1936). 



982 BIBLIOaRAPHY [14.28- 

28. A. W. Lee, Auroral observations at Lerwick Observatory, 1924-1929, 

MeteoroL Office, Profess. Notes No. 56. 11pp. London, 1930. 

29. F. P. XTxrioh, Reports in Terr. Magn., since 1926. 

30. L. Vegard, ‘Nordlichtuntersuchungen’, Ann, der Phys, (4), 50, 853-900 

(1916). 

31. H. Ca-Vendish, Phil. Trans., London, 80, 101 (1790) (= Sci. Papers, 2, 

233, Cambridge, 1921). 

32. J. H. L. Flogel, ‘tJber die Hohe des Nordlichtes und dessen Lage im Raum’, 

Z. oesterr.Qea. f. Meteorol. 6, 353-62, 385-94 (187J.). 

33. C. Storimbr, ‘Probleme und Richtlinien der kiinftigen Polarlichtforschung 

ArJctis, 1, 70-81 (Gotha, 1928). 

34. -‘ Sunlit auroral rays Nature, 1929, Jan. 19, June 8, Aug. 17; Zeitschr. 

f. Qeophya. 5, 177-94 (1929); 6, 463-6 (1930). 

36. - ‘Wie tief dringen die Polarlichter ein ?’, Z. /. Qeophysik, 6, 334-40 

(1930). 

35a. S. Chapmaj!^', ‘A mechanical-optical method of reduction of pairs of auroral 
plates’, Terr. Magn. 39, 299-303 (1934); see also J. M. Stagg, Trans. 
Edinburgh Meeting, 1936, Ass. Terr. Magn. Electr., pp. 449-61. 

36. C. Stobmer, ‘Altitudes and spectra of red and sunlit aurora’, Nature (Lon¬ 

don), 139, 584(1937). 

37. - ‘Photographic measurements of the great aurora of January 26—6 

(1938),Naittre, 141, 955-7 (1938); Naturwiss, 26, 633-8 (1938). (Rays up 
to 700 km. were observed in the earth’s shadow.) 

37a. -‘Blue auroral rays situated in the sunlit part of the atmosphere’, 

Terr. Magn, 7-14 (1939). 

376. Leiv Habang, ‘Height measurements of selected auroral forms’, Norsks 
Vid. Akad., Oeofys. Puhl. 12, Nr. 1, 1-31 (1937). 

38. J. P. Gaule, ‘tJber das Nordlicht vom 4. Febr. 1872 und eine Metliode zur 

Hohenbestimmung der Nordlichtstrahlen’, Ann. d. Physik, 146, 133-47 
(1872). 

39. S. Chapman, ‘The audibility and lowermost altitude of the Aurora Polaris 

Nature, 127, 341-2 (1931); ‘Low altitude aurora’, ibid. 130, 764-6 (1932). 
39a. C. S. Beals, ‘Audibility of the aurora and its appearance at low atmo¬ 
spheric levels’. Quart. Joum. R. Meteorol. Soc. London, 59, 71-8 (1933); 
Joum. R. Astron. Soc. Canada, 27, 184-200 (1933). 

40. A, W. Obeely, Rep. Lady Franklin Bay Raped. 2, 394 f. Washington, 1888. 

41. a. C. Simpson, ‘Low Auroras’, Phil. Trans. London (A), 205, 92 (1905); 

Nature, 127, 663 (1931); Quart. Joum. R. Meteorol. Soc. London, 59, 185- 
90 (1933). 

42. S. Lemstbom, ‘Luminous phenomena of the same kind as the auroral light, 

natural and artificial’, Ofversigt Finska Vet.-Soc. Fbrhandl. 41, 32-46 
(Helsingfors, 1899). 

43. A.Rostad, ‘tTbar die Einwirkung der magnetischen Perturbationen auf die 

geographische Verbreitung des Nordlichts’, Qeofys. Puhl. 5, Nr. 5, pp. 
1-19. Oslo, 1928. 

43a. 3). La Couit, ‘Proposition de recherches relatives k la repartition synop- 
tiq}xe de 1 ’aurore polaire’. Comptes Rendus Assemblde Stockliolm, Union 
oeod. Geophys. Internat., A^oc. Magn. Electr. Terr., Bull. No. 8, 
pp. 404-6 (Paris, 1931). 

44. L. Vbgabd, ‘Die spnnenbelichteten Nordlichtstrahlen und die Konstitution 



14.61] 


BIBLIOGBAPHY 


983 


der hoheren Atmospharenschichten Z. J. Qeophys, 6, 42-66 (1930); 7, 
196-8 (1931). 

44a. W. J. Booney, ‘Aurorae and earth-currents’, Terr. Magn. 39, 103-9 
(1934). 

46. E. 0. Hulburt, ‘On. the diurnal variation of the Aurora Polaris’, Terr. 
Magn. 36, 23-8 (1931). 

45a. F. T. Davies, ‘Observations of the Aurora Australis, Byrd Antarctic 
Expedition, 1929’, Terr. Magn. 36, 199-230 (1930). 

466. -‘The diurnal variation in magnetic and auroral activity at three high- 

latitude stations’, Terr. Magn. 40, 173—82 (1936). 

46c. -‘Correlation between auroral and magnetic activities at Chesterfield, 

Canada, 1932-33’, Terr. Magn. 40, 267-8, 466 (1936). 

46. C. Chree, ‘Magnetic disturbance and amora ... at Cape Denison in 1912 

and 1913’, Froc. Phys. JSoc.f London, 39, 389-407 (1927). 

47. G. AjtTQEN'HEiSTER and C. J. Westland, ‘The magnetic storm of May 13-16, 

1921, at Apia, Samoa, and the Aurora Borealis’, Terr. Magn. 26, 30, 31, 
and 116-18 (1921). 

48. ‘The aurora of January 25-26, 1938’, Nature, 141, 232-6 (1938). 

49. C. E. Gauss, ‘Allgemeine Theorie des ErdmagnetismusArt. 36, Qesam,- 

melte WerJce, 5, 169. 

49a. B. Beboeb, ‘Polarlichtbeobaehtungon am 13. bis 16. Mai 1921 Meteorol. 
Z. 38, 309-11 (1921). 

60. Lord Bayleigh, ‘The light of the night sky; its intensity variations when 
analysed by coloin* filter’, Froc. Boy. iSoo. London (A), 119, 11-13 (1928) ; 
Nature, 122, 316, 361 (London, 1928); ‘On a night sky of exceptional 
brightness, and on the distinction between the polar aurora and the night 
sky’, ibid. 131, 376-81 (1931). 

51 , -‘Absolute intensity of tho aurora line in the night sky, and the 

number of atomic transitions required to maintain it’, Froc. Roy. Soo. 
London (A), 129, 468-67 (1930). 

62. L. A. Sommer, ‘tTber das nachtliche Louchten der hohen Atmosphere fiber 

Gottingen’, Z.f. Phys. 57, 682-600 (1929). 

63. -‘2ur Deutung des Absorptioiisspektrums dor Sonnenatmosph&re’, Z.f. 

Fhys. 58, 673-0 (1929). 

64. - ‘Roto Sauorstoffstrahlung am Nachthimmel’, Naturwisa. 18, 762 

(1930). 

65. Y, M. Sliphbr and L. A, Sommer, ‘2Jur Deutung des Nordlichtspektrums 

Naturwiaa. 17, 802-3 (1929). 

56 , -‘ On the general axiroral illumination of the sky and the wave-length of 

the chief auroral line’, Aatrophya. Joum. 49, 266-75 (1919), 

67. J, 0. McLennan, ‘The aurora audits spectrimi’ (Bakerian Lecture),Proc, 
Boy. jSoo. London (A), 120, 327-67 (1928). 

58. -and H. J- C. Ireton, ‘On the spectroscopy of auroral green line radia¬ 

tion’, Froc. Boy. Soc. London (A), 129, 31-43 (1930), 

69. L. Harang, ‘Polarisation des Nordlichts Z.f. Geophyaik, 9, 162-4(1933). 

60, L. Veoard, ‘The temperature of the auroral region determined by the rota¬ 

tional series in the neggefcive nitrogen-bands’, Terr. Magn. 37, 389—98 
(1932); ‘The temperature distribution within the auroral region of the 
' the atmosphere’, PhU. Mag. (7) 24, 688-98 (1937). 

61 . -and E. Tonsbbbg, Variationa of the Intenaity Liatrihviion within the 

Auroral Spectrum, Goofys. Publ. 11, No. 16. 36 pp, Oslo, 1937; The 

3696.30 II 



984 


BIBLIOGRAPHY 


[14.02- 


Temperature of the Auroral Region determined from Band Spectra. Goofys. 
Publ. 12, ]Sro. 3, 9 pp. (1937). 

62. L. Vegabd, and L. Habanq, The Auroral Spectrum in the Region of Long 

Waves, Geofys. Publ. 10, No. 5,13 pp. (1933); The Wave-length of the (heen 
Auroral Line detennined by an Tnterfero7neter Method, Goofys. Publ. 11, 
No. 1. 17 pp. 1934. 

63. -‘Intensitats^derungen der griinon und roton Sauefstotflinion uud das 

Auftreten des£^-Systems imNordlicht und Nachthimmolli(iht\ Z.f.Phyaih, 
106,108-31 (1937); Vorgdnge und Z'ustdnde in der Nordlichtregion, Gc^ofys. 
Publ. 12, No. 6, 23 pp. (1938); ‘Weak bands and atomic linos in tho 
auroral spectrum’, ibid. 12, No. 8, 10 pp. (1938). 

бза. -‘Die Deutxmg der Nordlichtorschoinungon und di(^ Striiktur <li^r 

lonosphare’, Ergehn. exakt. Naturw. 17, 229-81 (Berlin, J. Springer, 
1938). 

бзб. -‘Vorgange und Zustande in dor Nordlichtrogion Oeofga. PuhL Oslo^ 

12, Nr. 6, 1-23 (1938). 

64. J. DtrrAY et J. Gauzit, ‘Spectre de I’am'oro du 25 janvicn* 1938’, Comptea 

Rendus Acad. Sci. Paris, 206, 619-21 (1938). 

65. J. KIaplan', ‘Active nitrogen and tho auroral spectrum’, Physical Review, 

45, 671-4 (1934). 

-‘The production of the auroral spectrum’. Comm. Relations Solairos 

et Terrestres, Quatri^me Rapport, pp. 92-7 (1936). 

67. Emu, Wieohert, ‘Polarlichtbeobaohtungon in Gottingen’, Physikal, Z. 

3, 365 (1901/2). 

68. H. D. Babcock, ‘Study of the green auroral lino by interfcronco methods’, 

Astrophys. Joum. 57, 209-21 (1923). 

69. F. Paschen, ‘Zur Kenntnis des Sauerstoif-Spektrums 01’, Naturwiss, 18, 

762 (1930). 

70. G. D^ijardin, ‘The light of the night sky’. Reviews of Modem Physics, 8, 

1-21 (1936). » I 

71. J. Kaplan, ‘Die Identifizierung der Aurorastrahlung’, Z, Physik. 109, 

744-62 (1938). ^ » 

72. S. Chapman,. ‘On the production of auroral and night-sky light’, Phil. Mag. 

23, 657-66 (1937), 

73. C. T. Elvey and F. E. Roach, ‘A photoelectric study of tho light from the 

night sky’, Astrophys. Journ. 85, 213-41 (1937). 

74. Lord Rayleigh and H. Spencer Jones, ‘The light of the night-sky: 

Analysis of the intensity variations at three stations’, Froc. Roy. Soa. 
London (A), 151, 22-66 (1936). 

75. L. A. Sommer, ‘Langwelliger Teil des sichtbaren Spektrums dos Nachthim- 

me\\ic\i%s\Z.f.Ph/y8ik, 77, 374-90 (1932). 

76. D. La Goer, ‘Rapport sur la fabrication et la distribution des speotroscopeB 

d aurores’. Union G6ophys. G^od. Int., Assoc. Magn. Elect. Tt^rr., 
Assemblee de Lisbonne, pp. 164-6 (1934). 

77. I. S, Bowen, Reviews of Modern Physics, 8, 55-81 (1936). 

(Halley Lect^^ 25pp. Oxford, Clarendon 


79. La ^iation cosmigue (Actualit4s scient. et industr. Nos. 230-3). 
84 pp. Paris, Hermann & Cie, 1936. 

{meP* developments in cosmic rays’, Beview Seimt. 



985 


15.2] BIBLIOGRAPHY 

81. E. G. Stbinke, ‘Dio kosmisclxe Ultrastrahlimg£/?’i;c6n. exaht. Natwrwiss, 

13, 89-147. Berlin, J. Springer, 1934. 

82. W. Kolhobster and L. Tuwim, ‘ Physikalischo Problem© dor Hohenstrah- 

\\mQ\Ergch7i, kosmisch. Physik, Band 1, 87-179(1931); Band 2, 238-302, 
(1933). Reprint, Leipzig, Akad. Verlagsges., 1934. 

83. G. Hoefmann, ‘ Problome der Ulirastraliliing’, Physik. Z. 33, 633-62 (1932). 

84. S. E. Forbush, ‘On diurnal variation in cosmic-ray intensity Terr. Magn. 

42, 1-16 (1937). 

84a. Julian L. Thompson, ‘A critical analysis for sidereal tiino variations of 
cosmic rays of the pacific’, Phys. Rev., II. s. 55, 11—15 (1939). 

846. S. E. Forbush, ‘ On the 27-day and 13*5 day waves in cosmic-ray intensity and 
their relation to corresponding waves in terrestrial magnetic activity.’ To 
appear in Trans. Washington Assembly 19S9, Int. Ass. Terr. Magn. Electr. 

85. M. S. Vallabta and W. P. Jesse, ‘Geographic asymmetries of cosmic rays 

as related to the earth’s magnetization’, American Qeo^hys. Union 
Trans,^ 1937, pp. 151-5. 

86. S. E. Forbush, ‘On the effects in cosmic-ray intensity observed during the 

recent magnetic stoTm \ Phys. Review^ 51, 1108-9 (1937). 

87. V. F. Hess and A. Dbmmelmaib, ‘ World-wide effect in cosmic ray intensity, 

as observed during a recent magnetic storm’, Nature (London), 140, 316- 
17 (1937), also p. 423; 141, 686-7 (1938). 

88. V. F. Hess, A. Dbmmelmaib, and R. Stbinmaurer, ‘Relations between ter¬ 

restrial magnetism and cosmic-ray intensity Terr. Magn. 43,7-14 (1938). 

89. T. H. Johnson, ‘On the variations of cosmic radiation during magnetic 

storms’, Terr. Magn. 43, 1-6 (1938). 

90. W. Kolhobsteb, ‘ Das Yorhalton der Holionstrahlung boi den magnetischen 

Storungen vom Januar 1938’, Naturwiss. 26, 169-60 (1938). 

91. J. Clay and E. M. Bruins, ‘Magnetic storm and variation of cosmic rays 

Physica, 5, 111-14 (1938). 

92. E. M. Bruins, Oosmische straUn in het aardmagnetisch veld. A cad. Proefschrift. 

90 pp. Amsterdam, H. J. Paris, 1938. 

93. A. Dauvillikr, ‘Anroros polairos ot rayons oosmiqties’, Oomjptea Rendus 

Acad, Paris, 193, 348-60 (1931); 194, 192-4 (1932); Oerlands Beitrdge 
z. Oeophys. 42, 3-11 (1934). 

94. -‘fitudo des anroros polairos au Scoresby Bund’, Joum. dc Phys. et de 

Radium, 5, 398-412 (1934). 

96. W. Kolhobsteb, ‘HShonstrahlung und erdmagnetischo Variationon’, Z.J. 
Geophys. 14, 333-46 (1938). 

96. S. E. Forbush, ‘On cosmic-ray effects associated with magnetic storms’, 

Terr.Magn.4Z, 203-18 (1938). 

97 . - ‘On world-wide changes in cosmic-ray intensity’, Phys. Rev. 54, 

975-88 (1938), 

98. E, G. Steinke und A. Bittkus, ‘Ultrjxstrahliing und magnetisohe Stiirme 

im Januar, April und Mai 1938*, Naturwiss. 26, 461-2 (1938). 

CHAPTER XV. THE EARTH’S ATMOSPHERE 

1. 8. Chapman and W. C. Price, ‘The upper atmosphere’, Reports on Progress 

in Physics, 3, 42-65. Cambridge Univ. Press, 1937. 

2. E. V. Appleton, ‘Radio exploration of upper-atmospheric ionisation’. 

Reports on Progress in Physics, 2,129-65. Cambridge Univ. Press, 1936; 
‘The ionosphere’. Occasional Notes Roy. Astron. Soc., Ho. 3,33-41 (1939). 



986 BIBLIOGRAPHY [15,3- 

3. J. Bartels, ‘Oberbliok iiber die Physik der liohen Atmospliaro’, Elehtr, 

Nachrichten-Technih, 10, Sonderheft. 40 pp. Berlin, 1933. 

4. H. R. Mmisro, ‘The physics of the ionosphere’, Reviews oj Modern Physics^ 

9, 1-43 (1937). 

5. B. Haurwitz, ‘The physical state of the upper atmosphere reprinted from 

Journ. Roy, Astron, Soo, Canada^ Oct. 1936 to Feb. 1937. 96 pp. Toronto 
Univ. Press, 1937. 

6. F. A. Panbth, ‘The chemical composition of the atmosphere’, Quart, Joum, 

Roy, Meteorol, JSoc, 63, 433-8 ; ISTature, 139, 180, 220 (1937). 

6a. S. Chapman and E. A. Milne, ‘The composition, ionization and viscosity 
of the atmosphere at great heights’. Quart. Jom'n, Roy. Meteorol. 8oc. 
London, 46, 357-78 (1920). 

7. J. H. Jeans, Bull, Mount Weather Observatory, 2, Part 6, p. 347. Washing¬ 

ton, 1910; Dynamical Theory of Gases, 4th edition, section on ‘Rate of 
loss of planetary atmosphere’, pp. 342-8. Cambridge Univ. Press, 1925. 

8. S. Chapman, ‘The gases in the atmosphere’. Quart, Joum. Roy. Meteorol. 

Soc. London, 60, 127-42 (1934). 

9. H. B. Maris, ‘The upper atmosphere’, Terr. Magn. 33, 233-55 (1928); 34, 

46-53 (1919). 

10. -and E. 0. Hijlbubt, ‘A theory of aurorae and magnetic storms’, 

Phys. Rev, (2) 33, 412-31 (1929). 

10a. S. Chapman and T. G. Cowling, The Mathematical Theory of Non-uniforrn 
Oases. Cambridge Univ. Press, 1939. 

11. Ch. Fabry et H, Btjisson, L'absorption des radiations dans la haute atmo¬ 

sphere. Memorial des Sciences Phys. Ease. 11. Paris, 1930. 

12. F. W. P. Gotz, ‘Das atmospharische Ozon’, jS7r*gre6n. der hosmischen Physih^ 

1, 180-235. Leipzig, Akad. Verlagsges., 1931; ‘Die vertikale Yerteilung 
des atmosphSiischen Ozons’, ibid. 3, 253-325 (1938). 

13. Conference on Atmospheric Ozone held aiOxford. Quart. Journ. Roy. Meteorol. 

Soc- London, Suppl. to vol. 62. 76 pp. 1936. 

13a. G. M!. B. Dobson, ‘Measurements of the amount of ozone, etc.’, Proc. 
Roy. JSoc. London (A), 110, 660-93 (1926); 114, 621-41 (1927); 122, 456- 
86 (1929); 129, 411-33 {1930);Proc.Phys. Soc.London, 43, 324-37 (1931). 
135. E. H. Gowan, ‘The effect of ozone on the temperature of the upper atmo¬ 
sphere’, Proc. Roy, Roc. London (A), 120, 665-69 (1928); 128, 531-60 
(1930). 

13c. G* H. Godfrey and W, L. Pbiob, ‘Thermal radiation and absorption in 
the upper atmosphere’, Proc, Roy. Soo. London (A), 163, 228-49 (1937). 

14. E. and V. H. Rbgener, ‘Photographie des ultravioletten Sonnenspektrums 

in der Stxatosphare und vertikale Ozonverteilung’, Physihal. Z. 35, 788- 
93(1934). 

16. S. Chapman, ‘A theory of upper-atmospheric ozone Memoirs Roy, Meteorol, 
Soc, London, 3, 103-26 (1930); Phil. Mag. (7), 10, 345-62, 369-83 (1930). 

16. D. Eropkin, On the Photochemical Theory of the Formation of Ozone, Quart. 

Joum. Roy. Meteorol. Soc. London, Suppl. to vol. 62, 68-9 (1936). 

17. See ref. 14.70. 

18. J. Duyay, ‘Spectre, couleur et polarisation de la lumi^re du ciel nocturne ’, 

Joum.de Phys. et deRadimn, 10, 219-40 (1929); 4, 221-35 (1933). 

19. J, Cabannes, ‘La lumiexe du ciel nocturne’, Helvetica Physical Adta, 8, 

406-20 (1935). 



987 


15.27] BIBLIOGRAPHY 

19a. R. Bbenabd, ‘Tho identification and the origin of atmospheric sodium*, 
Aatrophys. J. 89, 133-5 (1939) (giving earlier references). 

196. J. Cabannbs, J, Dotay, and J. Gatjzit, ‘ Sodium in the upper atmosphere *, 
Aatrophys. J. 88, 164-72 (1938) (giving earlier references). 

19c. J. Gatjzit, ‘But le spectre ultra-violot du ciol nocturne’, PubL Ohsei'v. 
Li/ow, 2, 334-74 (1938). 

19d. H. Plaskhtt, ‘Polar aurora and night-sky light’, Occasional Notea Boy. 
Aatron,, Soo,, No. 2, 13-21 (1938). 

20. See ref. 14.72. 

21. P. O. Pedbeseist, The Propagation oj Eadio Waves along the Surface oj the 

Earth and in the Atmosphere. Danmairks Naturvidenskabelige Samfund. 
A. Nr. 16 a/b. 244-f 19 pp. Copenhagen, 1927. 

22. L. V. Berknbr, ‘The electrical state of the earth’s atmosphere’, The 

Sci&ntific MorvMyt 45, 126-41 (1937). 

220. W. Dibmingbr, ‘Die lonosphdro imd ihr Einflluss auf die Ausbreitung 

elektrischer Wellen’, Ergeh. exakt. NaMrwiaa. 17, 282-324. Berlin, J. 
Springer, 1938. (A review.) 

226. - and H. Plbndl, ‘Ergobnisse von Dauorrogistrioningen der lono- 

sphare’, Z. /. Qcophys. 14, 316-27 (1938). 

22c. Oliver R. Wxjlf and Lola S. Dbmiitg, ‘On the production of tho iono¬ 
spheric regions E and F and the lower-altitude ionization causing radio 
fado-outs’, Terr. Magn. 43, 283-98 (1938). 

22d. Norris B. Bradbury, ‘Ionization, negative-ion formation, and recombina¬ 
tion in the ionosphere’, Terr, Magn, 43, 66-66 (1938). 

22e. S. K. Mitra, ‘The ozonosphere and the early morning increase of the 
£7-layer ionization of tho ionosphere’, JSd, a. OvUture, 3, 496-7 (1938). 
22/ L. V. Bbrtcner, H. W. Wells, and S. L. Seaton, ‘lonospliorio effects 
associated with magnetic disturbances’, Terr, Magn, 4 ^^ 283-311 (1939). 
(A detailed discussion; unusual ionospheric effects occurred at night over 
Peru during tho great magnetic storm of 1938 April 16.) 

22gf. S. L. Seaton and L, V. Bbrknbr, ‘Non-soasonal behaviour of tho F- 
Region’, Terr, Magn. 44 :^ 313-19 (1939). 

22/t. L. V. Bbrknbr, ‘Observatory toohniquo of ionosphorio moasuromonts.’ 
To appear in Trans, Washington Assembly 1939^ Irvt. Assoo, Terr. Magn. 
Eleotr. 

221. K. Q. Buddbn, J. A. Ratoliebb, and M. V. Wilktch, ‘Further investiga¬ 

tions of very long waves reflected from tho ionospht^ro Proo. Roy, 3oc, 
London (A), 171, 188-214 (1939). 

23. H. W. Wells and L. V. Bbeknkr, ‘Polarization of radio waves from the 

ionosphere near the geomagnetic equator’, Terr, Magn, 41, 76-82 (1936). 

24. Beerof. 10.11. 

24a. T. R. Gilliland, ‘Note on a miilti-froquoncy automatic recorder of iono¬ 
sphere heights’, Jonm, Research Nat, Bureau of Standards^ 11, 661-6 
(1933). 

25 . -g, g. Kirby, N. Smith, and S. K, Bkymkr, ‘ Oharaotoriwticrt of the 

ionosphere and tlioir application to radio irtinsminsion’, Proo, Inst, Radio 
Eng. 25, 823-40 (1937); J, Ees, Nat. Bur, Standards^ 18, 046-67 
(1937). 

26. G. Bbbit and M. A, Tuva, ‘A tost of the existence of tho conducting layer 

Nature, 116, 367 {1926) iPhys, Rev, 28, 664-76 (1926). 

27. S. S. Kirby, L. V. Bbbkneb, and D. M. Stuart, ‘Studios of tho ionosphere 



988 BIBLIOGRAPHY [15.28- 

and their application to radio transmission’, Proc. Inst. Radio Eng. 
New York, 29, 481-521 (1934). 

28. S. S. Ejgrby" and E. B. Jtjdson, ‘Recent studies of the ionosphere’, Proc. 

Inst. Radio Eng. New York, 23, 733-51 (1935). 

28a. Nbwbbrit Smith, Theodobe R. Gilliland, and Samuel S. Kirby, 
‘Trends of characteristics of the ionosphere for half a sunspot cycle’, 
J. Res, Nat. Bur. Stand. 21, 835-45 (1938). (From 1933 to 1937, at 
Washington, D.C., the critical frequencies for the jE?- layer increased by 
the factor 1*25, for the jP-layer by the factor 2*00. This corresponds to an 
increase of the ionization for E by the factor 1-65, for F by the factor 4-00.) 
285. A. G. MoKish and H. F. Johnston, ‘Correlation of magnetic activity -with 
disturbance of radio-transmission’, Terr. Magn.34b, 417-26 (1938). 

28c. G. W. Keneiok, A. M. Braatbn, and J. General, ‘The relation between 
radio-transmission path und magnetic-storm effects’, Proc. Inst. Radio 
Eng. New York, 26, 831-47 (1938). 

29. K. Maeda, ‘Measurement of the G-Region of the Ionosphere’, Electrotechn. 

Journal (Japan), 1, 66-7 (1937). 

30. S. S. Ejbby and others, ‘Ionosphere and magnetic storms’, Phys. Rev. 51, 

992-3 (1937); ‘The nature of the ionospheric storm’, Phys. Rev. 54, 234 
1937). 

31. J. P. ScHATER and W. M. Goodall, ‘Diurnal and seasonal variations in the 

ionosphere, 1933-4’, Proc. Inst. Radio Eng. New York, 23, 670-81 (1935). 

32. E. O. HtJLBUBT, ‘Analysis of the recent measurements of the ionosphere’, 

Phys. Rev. 46, 822 (1934). 

33. E. V. Appleton, ‘Seasonal variation of ionization in region of the 

ionosphere’, Bet;. 47, 89, 704 (1936); Nature, 136, 62 (1935). 

34. Leiv Harang, Aenderungen der Ionisation der hochsten Atmospharen- 

schichten wahrend der l^ordlichter und erdmagnetischen Storungen. 
Geofys. Publ. Oslo 11, No. 17. 54 pp. 1937. 

34a. B. Bbokmann, ‘Storungen der lonosphare und der Fimkausbreitimg wah¬ 
rend des grossen Nordlichtausbruches am 25. Januar 1938’, Funktechn. 
Mh. 6, 186-9 (1938). For 345, c see p. 1007. 

^ 36. S. Chapman, ‘The influence of a solar eclipse upon upper atmospheric 

ionization’, Monthly Notices Roy. Astr. Soc. London, 92, 413-20 (1932). 

36. E. y. Appleton and S. Chapman, ‘Report on ionization changes during a 

solar eclipse’, Proc. Inst. Radio Eng. New York, 23, 668-69 (1935). 

37. J. 0. P. Miller, ‘Map of the corpuscular eclipse track of 1932 August’, 

Monthly Notices Roy. Astron. Soc. London, 92, 421-2 (1932). 

38. H.M. Nautical Almanac Office, ‘The ionospheric eclipse of 1940 October 1 ’, 

Monthly Notices Roy. Astron. Soc. London, 98, 664-9 (1938); ‘The cor¬ 
puscular eclipse of 1940 October 1’, ibid. 727-33 (1938). 

39. S. Chapman, ‘The absorption and dissociative or ionizing effect of mono¬ 

chromatic radiation in an atmosphere on a rotating earth’, Proc. Phys. 
Soc. London, 43, 26-46, 483-601 (1931). 

40. G. Millington, ‘Ionization charts of the upper atmosphere’, Proc. Phys. 

Soe. London, 44, 680-93 (1932); 47, 263-76 (1935). 

41. S. Chapman, ‘Some phenomena of the upper atmosphere’, Proc. Roy. Soc. 

London (A), 132, 363-74 (1931). 

41a. M. N. Saha, ‘On the action of ultra-violet sunlight upon the upper atmo¬ 
sphere’, Proc. Roy. Soc. London (A), 160, 156-73 (1937). 



16.66a] 


BIBLIOGRAPHY 


989 


42. R. Gunit, ref. 23.17. 

43. See refs. 23.21-23. 

44. See ref. 23.24. 

46. See ref. 23.20. 

46. See ref. 23.20. 

47. See ref. 23.27. 

48. See ref. 23.28. 

49. 0. Jesse, ‘Die Hohe cler Dunstschicht . . . merkwurdige Dammerimgser- 

schoinimgen . . Mefeorol. Z. 1, 127 (1884), and following years, last 8, 
306 (1901). 

50. E. H. Vestine, ‘Noctilucent clouds’, Journ, Roy. Astron. Soc. Canada, 28, 

244-72, 303-17 (1934). 

61. C. Stoemer, ‘Luminous night-clonds in Norway 1933 and 1934’, Astro- 
phyaica norwegica, 1, 87-114 (1935); ‘. . . in 1932’, Avhandl. Norsks 
Vidonsk.-Akad. Oslo, I. Mat. Nat. Kl. 1933, No. 2, 45 pages. 

52. - Perlmutterwolhen. Geofys. Publ. Oslo 5, Nr. 2. 8 pp. 1927; 9, Nr. 4. 

27 pp. 1932. 

53. A. Thomson, ‘Mother-of-pearl clouds’, Joum. Roy. Astron. Soc. Canada, 

26, 437-41 (1932). 

64. E. A. Lindemann and G. M. B. Dobson, ‘A theory of meteors’, Proc. Roy. 
Soc. London (A), 102, 411 fg. (1923); 103, 721 (1923); Nature, 118, 

195-8 (1926); Review by M. Rajdakovio, Meteorol. Z. 43, 441-65 (1926); 
44, 326-31 (1927). 

56. 0. M. ARROW, ‘Physical theory of meteors’, Astrophys. Joum. 63, 90-110 
(1926). 

56. H. 3. Maris, ‘A theory of meteors’, Terr. Magn. 34, 309-16 (1929). 

57. C. Hoefmeister, Die Meteore. 164 pp. Alsad. Yerlagsges., Leipzig, 1937. 

58. S. Kahlke, ‘Metoorschweife und hochatmospharische Windstromungen’, 

Ann. d. Hydrogr. Hamburg, 49, 294-9 (1921). 

58a. E. L. Whipple, ‘Photographic meteor studies’, I, Proc. Amer. Phil. Soc. 
79, 499-648 (1938). 

69. F. J. W. Whipple, ‘Transmission of air waves to great distances’, Quart. 
Joum. Roy. Meteorol. Soc. London, 61, 286-308 (1936); Suppl. to vol. 62, 
pp. 19-21 (1936). 

60. 0. Meisseb, ‘Luftseismik’, Handbuch d. ExperimentalpJiysik, Band 25, 

Teil 3, pp. 211-61. Leipzig, Akad. Verlagsges, 1930. 

61. P. Duokert, ‘Ausbreitung von Explosionswellen in der Atmosphare , 

Brgehn. d. kosm. Physih, 1, 236-90. Leipzig, Akad. Yerlagsges., 1931. 

62. G. Anoenheistbe, ‘Die Hbhe der Polarlichter und die Temperatur der 

oberen AtmopMre’, Terr. Magn. 37, 431-8 (1932). 

63. M. A. Ellison, ‘Observations of a fireball train’, Journ. Brit. Astron. Assoc. 

47, 265-7 (1937). 

64. G. I. Taylor, ‘The oscillations of the atmosphere ’, Proc. Roy. Soc. London 

(A), 156, 318-25 (1936). 

65. 0. L. Pekeris, ‘Atmospheric oscillations’, Proc. Roy. Soc. London (A), 158, 

650-71 (1937). 

65a'. _‘The propagation of a pulse in the atmosphere’, Proc. Roy. Soc, 

London (A), 171, 434-49 (1939). 



990 


BIBLIOG-RAPHY 


[16.66- 


66. J. Babtels, ‘Boreclmmig der lunaren atmospli&nscheii Gezeiten axis 

Temiinablesxingen am Barometer’, Garlands Beitr, z. Geophys, 54;, 66-75 
(1938). 

67. S. Chapman, ‘The Ixmar tide in the earth’s atmosphere’, JProc, Boy. Soc. 

London, 151, 106-17 (1936); ‘Tides in the atmosphere’. Observatory, 60, 
164-66 (1937); see also refs. 16.26, 16.27a, 16.38, 16.39. 

68. J. Bahtels, ‘ Gezeitenschwingungen der Atmosphare’, in Wjent-Habms, 

Handbuch d, Experimentalphysik, Band 25, Teil 1, pp. 161-210. Leipzig, 
Akad. Verlagsges., 1928; Natunuiss, 15, 860-6 (1927); Z,J» Geophysik, 4, 
1-17 (1928); TheScientifio Monthly, 35, 110-30 (1932).— ^ArticleinHANN- 
Lehrbuch der Metaorologie, 6. Aufl., 1938; also refs. 16.36-37a. 

69. S. Chapman, S. K. Pramanxe, and J. Topping, ‘The world-wide oscillations 

of the atmosphere’, Garlands Beitr. z. Geophys. 33, 246-60 (1931); see 
also G. I. Taylop, ‘The resonance theory of semidiurnal atmospheric 
oscillations’, Memoirs Boy. Meteor. Soc. 4, 41-62 (1932). 

70. E. V. Appleton and K. Weekbs, ‘Tides in the upper atmosphere’. Nature, 

142, 71 (1938); ‘On lunar tides in the upper atmosphere’, Proc.Boy.Soc. 
London (A), 171, 171-87 (1939). 

70a. S. Chapman, ‘Tides in the air.’ Presidential Address, Washington Assembly 
1939, Intern, Assoc, oj Meteorology. 

71. D. P. Mabtyn and 0. 0. Pulley, ‘The temperatures and constituents of the 

upper atmosphere’, Proc. Boy. Soc. London (A), 154, 466-86 (1936). 

72. J. Fuchs, ‘Ter Aufbau der Stratosphare nach elektrophysikalischen TJnter- 

suchungen’. Meteor. Zeitschr. 8, 278-84 (1936). 

73. O. B. WuLP and L. S. DsMiNa, ‘On the production of the ionospheric 

regions E and P and the lower-altitude ionization causing radio fade- 
outs Terr. Magn. 43, 283-98 (1938). 

74. S. K. Mitba, ‘Origin of the E layer of the ionosphere’. Nature, 142, 914, 

916(1938). 

76. S. Chapman, ‘The atmospheric height distribution of band-absorbed radia¬ 
tion’, Proc. Phys. Soc. London, 51, 93-109 (1939). 

76. E. Y. j^PLETON and R. ITaismith, ‘Some further measurements of upper 

atmospheric ionization’, Proc.Boy. Soc. London (A), 150, 685-708 (] 936). 

77. H. S. W. Massey, ‘Dissociation, recombination and attachment processes 

in the upper atmosphere, I’, Proc. Boy. Soc. London (A), 163, 642-53 
(1937). For 77a see p. 1007. 

78. E. Y. Appleton, ‘Regularities and irregularities in the ionosphere, I’ 

(Bakerian Lecture), Proc. Boy, Soc. London (A), 162, 461—79 (1937). 

79. J. E. Best and J. A. Ratolutb, ‘The diurnal variation of the ionospheric 

absorption of wireless waves’, Proc. Phys. Soc. London, 50, 233-46 (1938). 

80. E.Y. Appleton and J. Sayers, ‘Recombination in the ionosphere’, Proc. 

UnionRadio-Scient. Int. 272-4 (1938). 

8L See ref. 14.46. 

82. S. K. Mitea, ‘Report on ... the ionosphere’, Proc. Nat. Inst. Sci. India, 1, 

131-215 (1936). 

83. J. Bhar, ‘Meteors and upper atmospheric ionization’, Indian Journal 

oj Physics, 11, 109-18 (1937). 

84. J. N. Bhar and P. Syam:, ‘Effect of thunderstorms and magnetic storms on 

the ionization of the Kennelly-Heaviside layer’, Phil. Mag. (7) 23, 613- 
' 28 (1937). 



991 


16.10] BIBLIOGEAPBLY 

85. T. H. Johnson, ‘Contribution of the cosmic radiation to the ionization of 

the upper atmosphere’, Joiirnal FrarilclmInstituief 221, 417-21 (1936), 

86. M. N. Saha and N". Rai, ‘On the ionization of the upper atmosphere’, 

Proc. Nat Inst Sci. India, 4, 319-36 (1938). 

87. T. Txtkada, ‘A new attachment theory of the ionosphere, Rep, Radio Re¬ 

search Japan, 7, 121-44 (1937). 

88! H. Cabmiohahl and E. G. Dymond, ‘High altitude cosmic radiation 
measurements near the north geomagnetic pole’, Proc. Roy, Soc, London 
(A), 171, 321-44(1939). 

89. R. Bbrnahd, ‘Origine ^lectronique des bandes de I’azote dans le spectre 

de I’aurore hordale. Determination de r6nergie des Electrons excitateurs’, 
C, R, Acad, Set, Paris, 204, 993-5 (1937). (Finds, for the electrons 
exciting the nitrogen bands, the mean energy 27 electron volts and the 
velocity 3,100 km./sec.) 

90. A. K. Das, ‘Mechanism of emission of the forbidden lines of neutral atomic 

oxygen by the night sky’, Gerlands Beitr, z, Geophys, 49, 241-51 
(1937). 


CHAPTER XVI. PERIODICITIES AND HARMONIC ANALYSIS 
IN GEOPHYSICS 

1. Lobd Rayleigh, ‘On the resultant of a large number of vibrations’, Phil, 

May. 10, 73-8 (1880); 36, 429-49 (1918); 37, 321-47, 498-516 (1919). 
Reprinted in Scientific Papers, 1 and 6, Cambridge, 1899 and 1920. 

2. A. Schuster, ‘On the investigation of hidden periodicities xvith application 

to a supposed 26-day period of meteorological phenomena ’, Terr, Magn, 3, 
13-41 (1898). 

3. -‘The periodogram of magnetic declination as obtained from the records 

of the Greenwich Observatory during the years 1871-1895 ’, Trems, Cam¬ 
bridge Phil, jSoc, 18, 107-35 (1899). 

4. -‘ On the spectrum of an irregular disturbance Phil. Mag, 5, 344r-6 

(1903). 

5. -‘The periodogram and its optical analogy’, Proc, Roy. Soc. London (A), 

77, 136-40 (1906). 

6. -‘ On the periodicity of sunspots’, PMl, Trans. London (A), 206, 69—100 

(1906). 

7. -‘ On the periodicity of sunspots ’, Proc. Roy. Soc, London (A), 85, 50-3 

8. A. SoHMXBT, Ueher die Verwendung trigonometrisoJier Reihen in der Meteo- 

rologie. 24 pp. Programm des Gymnasiums Emestinum zu Gotha, 
1894. 

9. K. Stumpef, Grundlagen und Methoden der Periodenjorschung. 332 pp. 

Berlin, J. Springer, 1937 (contains a ■well-selected bibliography). 

9a. - Tajeln und Aufgahen zur harmonischen Analyse und Periodogrem/m- 

rechnung. 174 pp. Berlin, J. Springer, 1939. 

95. - Analyse periodischer Vorgdnge. 188 pp. Berlin, Gebr. Bomtraeger, 

1927. 

10. A. E. Douglass, CUmeUie Cycles and Tree^growth. Yds. I—III, Carnegie 
Inst, of Washington, 1919-36. 

3695 .son 3 3yi 



992 


BIBLIOGRAPHY 


[le.n-- 


11. E. T. Whittakbb and G. Robinson", The Calculus of Observaftom. London 

and Glasgow: Blackie & Son, 1932. 

12. C. Runge und H. Konig, Vorlesungen uber numcruiches Eechnrn. Berlin^ 

J. Springer, 1924. 

13. H. B-cnaoEaiABDT, ‘Oszillierend© Eimlctionon Jahreahmchte, rlcr Deiitmhen 

Mathmbatiher-Vereinigung, Band 10 (1902), § 25, pp. 228 -342, 

14. - ‘Trigonometrische Interpolation (Mathomatischo Bohandlung porio- 

discher Natnrerscheinungen)’, d. TYmv., Band 2, 1, I (Nr. 

IIa 9a), pp. 642-93. 

15. W. E. Byerly, An ElenterUary Treatise on Foiirm^'s erica and i^pherieab 

Cylindrical^ and Ellipsoidal Harmonics, 287 pp. Boston, Ginn <fe Co., 1B93. 

16. H- S. Carslaw, Introduction to the Theory of Fourier "*8 Series and Integrals. 

2 nded. 323 pp. London, Macmillan <& Co., 192L 

17. H- Labrottstb and Mmb Labrottstb, ‘Harmonic analysin by monriB of 

linear combinations of ordinates’, Terr, Magn. 41, 15 -28, 105 20 (1930). 
IS.- Tables Numdriques pour Vanalyse des graphigues rhuUant dc la super¬ 

position de sinusoides, 88 pp. fivreux, Impr. Honri D6vd, 1930. 

19. L. W. Poliak, ‘Handweiaer znr harmonisohen Analyse’, Pragcr Oeophyaih, 
Stvdim, Heft 2, appeared as Ozechoslovakische Statistik, Hniho 12, Heft 
10 . Prague, 1928. 

Ecchentafeln zur harmonisohen Analyse, Leipzig, Joliann Ambrosius 
Barth, 1926. 

Perioden nnd das Periodogramm der internationaleii erdmag- 
netischen Oharakterzahlen Prager Qeophys, Studien, 3, 107 pp. Cmch. 
Statistik, Band 64, Reihe 12, Heft 13. Prague 1930; Naiurmss. 18, 
343-9 (1930). 


22. J. Bartels, ‘Random fluctuations, persistence, and quasi-persistence in 
geophysical and cosmioal periodicities’, Terr, Magn, 40, 1-60 (1935). 
“‘ZnrMorphologic geophysikalischer Zeitfunktionen Siiz,-Ber, Preicas. 
AJead, d. Wiss,, Phys.-Math. KL, 1935, 504-22. 

23a. _ ‘Some aspects of geophysical cycles’, Joum. Washinffton Acad. 
Sciences, 26, 196-9 (1936). 

236. Keemaw 'Woij), A study in the analysis of stationary time series. 214 pp. 
Uppsala, 1938. 

24. ^.’^■C.To's^.ItandcmScimplirigNurnbers. Tracts for Computora, No. 16. 
Cambndge Univ. Press, 1927. 

praktiaohen harmonisohen Analyse Qer- 
lands Bentrage s. Qeophysik, 28, 1-10 (1930). 

* of ^umal variations for single days ’, Terr. 

26 S telpLS ‘S IV numerical forms.) For 266 «« p. 1007. 

**“ “"“I*”” t- 

determination of a minute periodic variation, as 

atmospheric tide at Helvran Madras 
2 R Memoo; Jfemoira R. Meteorcl. Soc. iLion. 2, 153-60 (Si 

M J^**“»®l^®ndK5hfeeit8theoreti8ches uber die 
Fhiy8tlcal.Qes. Zurich, 19, 76-86 ( 1919 ). 


die Irrfahrt’, Mitt d. 



993 


16.60] BIBLIOGRAPHY 

29. M. YON Laue, ‘Ein Satz der Wahrscheinlichkeitsrechnimg imd seine An- 

wendung auf die Strahlungstheorie’, Ann. d, Fhysih, 47, 863-78 (1916); 
48, 668fl. (1916). 

30. D. Brunt, ‘Climatic cycles’, Qeograph, Joum. 89, 214-38 (1937). 

31. G. T. Walker, ‘On. periodicity in series of related terms’, Froc. Roy. Soc. 

London (A) 131, 618-32 (1931). 

32. G. U. Yule, ‘On a method of investigating periodicities in disturbed series, 

with special reference to Wolf’s sunspot mmibers ’, Fhil. Tram, Roy. Soc. 
London (A), 226, 267-98 (1927). 

33. H. H. Txtbner, ‘Discontinuities in meteorological phenomena’, Qxiart, 

Joum. B. Meteor. Soc, London, 41, 316-36 (1916); 42, 163-73 (1916); 
43, 43-60 (1917). 

34. L. Weioioniann, ‘Neiiere Ergehniase aus derTheorio der Symmetriepunkte’, 

Oerlands Beitrdge %, Geophys, 34, 244-61 (1931). 

35. D. Alter, ‘An extremely simple method of periodogram analysis’, Froc. 

Nat, Acad, Sci, of America, 19, 336-9 (1933). 

36. J. Bartels, ‘Zut Berechnung der tagliohen Luftdruckschwankung’, Ann, 

d. Hydrographic, Hamburg, 51, 163-60 (1923); Beitrdge z, Fhyaih der 
freien Atmosphdrc, 11, 61-60 (1923). 

37. - Ueber die atmoaphdriscJienOezeiten, Preuss. MeteoroL Inst., Abhandl. 8, 

Nr. 9 (Veroff. Nr. 346). 61 pp. Berlin, 1927. 

37a. - ‘On the determination of minute periodic variations’, Quart, Journ, 

Boy, MeteoroL Soc, London, 51, 173-6 (1926). 

38. S. Chapman and M. Austin, ‘The lunar atmospheric tide at Buenos Ayres’, 

Quart. Joum. Roy. MeteoroL Soc. London, 60, 23-8 (1934). 

39. -‘The lunar atmospheric tide at Glasgow’, Froc. Boy. Soc. Edinburgh, 

56, Part I, 1-6 (1936). 

40. L. A. Bauer, ‘The earth-e^ect on solar activity’, Terr. Magn. 26, 113-16 

(1921). 

41. -and C. R. Duvall, ‘Relation between the activity of the sun and of 

the earth’s magnetism’, Terr. Magn. 30, 191-213 (1925). 

42. H. H. Clayton, ‘World weather records’, Smithsonian Miac, Coll, 79, 

page V (1927). 

43. See pp. 18-20 of ref. 11.16a. 44. See ref. 11.6. 

46. A. L. Cbelle, Rechentafeln, Leipzig und Berlin, W. de Oruyter. 

46. H. Rausohblbaoh, ‘Die deutsohe Gezeiten-Reohenmaschine’, Z, f, Instru- 

mentenkunde, 44, 286-303 (1924). 

47. J. Bartels, ‘Statistik periodischer und quasiperiodiaoher Vorg^nge’, Die 

medizinische Welt, 10, 1307-10 (Berlin, 1936); reprinted inP. Linke and 
B. DE Rudder, Medizinisch-meteorologische Statistik, pp. 49-00, 166-7. 
Berlin, Yorlag der modizinischen Welt, 1936. 

48. B. und T. DtlLL, ‘Boziehungen zwischen der Zahl der TodosMlo imd dem 

magnetisohen StOrungseharakter Virchows Archiv fur pathoL Anatomic, 
393, 272-319 (1934); Bioklirmtische Beibldtter zur MeteoroL Z. 2, 24-31 
(1936); paper in the book Medizinisch-meteorologische Statistik, cited 
under 47. 

49. R. CouBANT und D. Hilbert, Methoden der mathematischen Fhyaih X, 2nd 

ed. Berlin, J. Springer, 1931. 

■ 60. J. W. Gibbs, ‘Fourier’s series’, Mcnture, 59, 290, 606. 1898/9,— Papers, 2, 
268-60. London, 1906. 



994 BIBHOGBAPHY [16.61- 

51. M. B6oHEit, ‘IntrodTiction to the theory of Fourier’s series’, Annals of 
Math., ser. 2, 7, 81-152 (1906). 

62. K. Waltee, ‘tJher die Wahrscheinlichkeit von Perioden’, Astron. Nachr. 
259, 206-16 (1936). 

C5HAPTER XVTI. SPHERICAIi HARMONIC ANALYSIS IN 
GEOPHYSICS 

1. A. Schmidt, Tafeln der normierten Kvgelfunktionen, scywie Formdn zurJEJnt- 

loicJclung. 52 pp. Gotha, Engelhard-Reyer, 1935. A most valuable hook : 
set of tables and formulae on spherical harmonics with special references 
to geophysical applications. 

2. See ref. 16.16. 

3. E. W. Hobson, Theory of Spherical and Ellipsoidal Harmonics. 600 pp. 

Cambridge Univ. Press, 1931. 

4. F. Netjmann, Vorlesungen 'uher die Theorie des Potentials wad der KugeU 

funhtionen. Herausgeg. von C. Neumann. 364 pp. Leipzig, B. G. 
Teubner, 1887. 

5. T. M- MacRobebt, Spherical Harmonics. 302 pp. London, Methuen & Co., 

and New York, E. P. Dutton & Co., 1927. ^ 

6. J. C. Adams, ‘Usefulformulae connecting Legendre’s coefficients, which are 

employed in the theory of terrestrial magnetism, &c., with extensive 
tables’, Scientific Papers, 2, 243-400. Cambridge Univ. Press, 1900. 

7. A. Schmidt, ‘Mitteilungen uber eine neue BerechnTing des erdmagnetischen 

Potentials’, Ahhandl. Bayer. Ahad. Wiss., Miinchen, II. Classe, 19, 1-66 
(1895). 

8 . - Mathematische EntwicJcelungen znr allgerminen Theorie des Erdmagnetis- 

mus. Arohiv d. deutsch. Seewarte, 12, Nr. 3. 30 pp. Hamburg, 1889. 

9. - Der magnetische Zustand derErde zur Epochs 1885-0. Archiv. d. deutsch. 

Seewarte, 21, Nr. 2. 76 pp. Hamburg, 1898, 

10. - ‘Formeln zur .Transformation der Kugelfunktionen bei linearer 

iinderung desKoordinatensystems’, Z.f.Math.u. Phys. 44, 327-36 (1899). 

11. -* AUgemeine Formeln zur Yereinfachung haufig wiederholter Potential- 

berechnungendurch Benutzung fester Stationsgruppen’, Prew^a. Meteorol. 
Inst. Berlin, Ahhandl. Band 8, Nr. 2 (also under the title: Archiv des 
Erdmagnetismics, Heft 6; Veroff. Preuss. Met. Inst. Nr. 332), pp. 6-21. 
Berlin, 1925. 

12. -‘tJber die Notwendigkeit einer Yervollst^ndigung des Netzes der erd¬ 

magnetischen Observatorien Oerlands Beitr. z. Geophys. 3,225-46 (1897); 
Meteorol. Z. 13, 271-6 (1896). 

13. -‘Der Satz von Franz Neumann iiber Produktsummen von Kugelfunk¬ 

tionen’, Sitz-Ber. Pretiss. Ahad. d. Wiss., Berlin, Phys.-Math. Kl., 1935,. 
pp, 242-7. 

14. H. Seeugbr, ‘tJber die interpolatorische Darstellimg einer Fuhktion durch 

eine nach Kugelfunktionen fortschreitende Beibe’, Sitz.-Ber. Bayer. Ahad. 
Wiss., Miinchen, Math.-Phys. Kl., 20, (1890). 

15. A. ScHtrsTBR, ‘On some definite integrals, and a new method of reducing a 

function of spherical coordinates to a series of spherical harmonics’, 
PMl. Trans. London (A), 200, 181-223 (1902). 

16. A. Prey, ‘Darstellung der HOhen- und Tiefenverhaltnisse der Erde durch 

eine Entwioklung naph Kugelfuhktionen his zur 16. Ordnung’, Ahhand. 
Qes. Wiss. QbUingen, Math.-Phys. Kl., Neue Folge, Band 11, Nr. 1 (1922^. 



995 


18.13] BIBLIOGRAPHY 

17. H. Weyl, ‘Die Gibbssche Erscheinimg inder Thoorie der Kugelfunktionen’, 

Rend. Circ. mat. Palermo, 29, 308-23 (1910); 30, 377-407 (1910). 

18. G. Panseeatj, ‘Werte der Kugelfiinktionen und deren Ableitungen fur die 

wichtigsten erdmagnetischen Observatorien Terr. Magn. 37, 466-71 
(1932). 

19. J. C. MaxweUi, Treatise on Electricity and Magnetism. Vol. 1, Chapter 9. 

20. P. Neumajstnt, Beitrage zwr Theorie der Kugelfunktionen. Leipzig, Teubner, 

1878. 

21. E. Heine, Handbuch der Kugelfunktionen. 2. Anflage. 2 Bande. Halle, 

G. Reimer, 1878/81. 

22. C. P. Gauss, ‘Allgemeine Theorie des Erdmagnetismus’, hxResultate magn. 

Verein 1838 (ref. G 3), reprinted in Werke, Band 5, pp. 121-93. 

23. A. Schmidt, ‘tJber die Methode von Arthur Schuster zur analytisohen 

Darstellung numerisch gegebener Punktionen auf der Kugelflache Terr. 
Magn. 43, 347-64 (1937); ‘Naohtrag’, in 44, 135 (1938). 

24. E. Jahnke and P. Emde, Tables of Tunctions with Formulae and Curves, 

2iid ed., pp. 173-91. Leipzig, B. G. Teubner, 1933. (Gives curves for 
the normalized functions which differ by the factor (1/2) 

from the functions R^ defined by equation (22 a), p. 612. See the remark 
at the end of our Chapter XVII). 

25. H. J. Tallqvist, ‘Sechsstellige Tafeln der 32 ersten Kugelfunktionen % 

ActaSoc.Sci. Fennicae, N.B.A.,2fl^T. 11, 1-43 (1938). 

CHAPTER XVIII. THE SPHERICAL HARMOlSnC ANALYSIS OF 
THE MAIN FIELD 

1. C. P. Gauss, see ref. 17.22. 

2. A. Erman and H. Petersen, Die Ctrundlagen der Qaussischen Theorie und 

die Frscheinungen des Erdrnagnetisrrms imJahre 1829. Berhn, 1874. 

3. H. Petersen, Report Brit. Assoc. Advancem. Sci., 18th Meeting, 1848. 

4. W. G. Adams, ‘An account of the late Professor John Couch Adams’ deter¬ 

mination of the Gaussian magnetic constants’, British Assoc. Report, 
Bristol Meeting, 1898. Intemat. Conf. of Terr. Mag. 

5. J. C. Adams, ‘The theory of terrestrial magnetism, giving the expressions 

of the magnetic forces on the earth’s surface, the earth being regarded as 
a sphere ’, Scientific Papers, 2, 401-640. Cambridge Univ. Press, 1900. 

6. H. PRITSOHE, Vher die BesUmmung der Koeffizienten der Qaussischen allge- 

meinen Theorie des Erdmagnetismus fur das Jahr 1885, etc. St. Petersburg, 
1897; see also ref. 3.41. 

7. - Die Elemente des Erdmagnetismus fUr die Epochen 1600 etc. St. Peters¬ 

burg, 1897. 

8 . - Die Elemente des Erdmagnetismus und ihre sdhularen Anderungen 

wdhrend des Zeitraums 1550 bis 1915. St. Peterburg, 1900. 

9. A, SoHMiDT, see refs. 17.7-9. 

10. See ref. 3.9. 

11. G. VON Quintus- loiLius, Der magnetische Zrustand der Erde nach den von 

der Deutschen Seewarte herausgegebenen magnetischen Karten fur 1880^0. 
Archiv. der Deutschen Seewarte Hamburg, 4, Nr. 2 (1881). 

12. E, Sabine, Contributions to terrestrial magnetism. No. 7; containing a 

magnetic survey of the southern hemisphere between 0® and 125® E. and 
-20® and -70® S. Phil. Trans. London, 136, 336-432 (1846). 

13. See ref. G 25. 



996 


BIBLIOGRAPHY 


[18.14- 


14. See ref. 3.5, 

15. L. A. Bauer, ‘The local magnetic constant and its variations’, Terr, Magn, 

19, 113-25 (1914). 

16. A. SoHMiDT, ‘Geomagnetisehe Koordinaten’. Introduced in Archiv des 

JEJrdmagrietismits (ref. G 52), Heft 3, p. 14, Potsdam, 1918: tables of the 
geomagnetic coordinates for various observatories in Archiv des JSrd- 
nio^Tietisrmjis, Heft 4, pp. 35-8, Potsdam, 1926; see our Table A. 

A. G. MoNish, ‘ Geomagnetic coordinates for the entire earth ’, Ten, Magn, 
41, 37-43 (1936). 

17a. M, J- PoLiiAX, ‘The construction of an azimuthal equidistant map centered 
about the geomagnetic north-pole’, Terr, Magn, 43^ 473-6 (1938). 

18. A. SoHMiDT, ‘Der magnetische Mittelpunkt der Erd© und seine Bedeutung’, 

Q&rlands Beitrdge z, Oeophyaik, 41, 346-58 (1934). 

19. J. Bartels, ‘The eccentric dipole approximating the earth’s magnetic 

field’, Terr, Magn. 41, 225-50 (1936). 

20. Sir W. Thomson, Reprint of Papers on Electrostatics and Magnetism, § 494, 

London, 1872; this remark is an addition, dated 1871, to the paper ‘A 
mathematical theory of magnetism’, Proc. Roy, Soc. London, 1849. For 
the reference and other remarks see A. Schmidt, ref. G 10, p. 285. 

21. See ref. 9.6. 

22. A. SoBxrsTER, ‘On electric currents induced by rotating magnets and their 

application to some phenomena of terrestrial magnetism’, Terr. Magn. 1, 
1-17 (1896). 

23. H. Ebtel, ‘Die Grundgleichungen fur ©lektromagnetisch© Vorgange im 

irdischen Gravitationsfeld im Hinblick auf die Frage des erdmagnetischen 
N. Feldes’, Berioht Tdtigkeit Prettss. Meteorol, Inst. imJahre 19S2, Yeroff. 
No. 395, pp. 127-9, Berlin, 1933. 

24. See ref. 17.19. 

25. N. TJmow, ‘Die Konstniktion des geometrischen Bildes des Gaussischen 

Potentials’, Terr, Magn. 9, 105-12 (1904). 

26. Y. Carlhedi-Gyllenskold, Bur la forme analytique de Vattraction mogni- 

tique de la Terre, exprimde en fonction du temps. Astron, Jaktagelser ooh 
UndersOkn., Stockholms Observat. 5, Nr. 5. 36 pp. 1896. (Review 
Meteorol, Z. 14, (39)-(42), 1897.) 

27. - Mote sur le potentiel magrUtique de la terre exprimd en fonction du 

temps. Astron. oeh Fysik. 3, No. 7. 6 pp. Uppsala 1906. 

28. See ref. 3.20c. 

29. See ref. 3.10. 

30. See ref. 2.103. 

31. E. H. Ybstine, ‘The potential of the earth’s magnetic secular variation.’ 

To appear in Trans, Washington Assembly 1939, Int. Assoc. Terr, Magn. 
Electr. 


CHAPTER XIX. THE YARIABILITY OF THE HARMONIC CO¬ 
EFFICIENTS FOR THE SOLAR AND LUNAR DAILY YARIATIONS 

1 . J. Bartels, ‘Statistical methods for research on diurnal variations’, Terr, 

Magn. 37, 291-302 (1932). 

2 . See ref. 7.20. 

3. See refe. 20.9-16. 

4. See ref. 8.20. 

6 . See ref- 8.19. 



21 . 8 ] 


BIBLIOGRAPHY 


997 


CHAPTER XX. THE SPHERICAL HARMONIC ANALYSIS OE THE 
MAGNETIC VARIATIONS 

1. A. SoHUSTEB, ‘The diurnal variation of terrestrial magnetism’, with an 

appendix by H. Lamb, ‘On the currents induced in a spherical conductor 
by variation of an external magnetic potential PhiL Trans. London (A), 
180, 467-518 (1889). 

2. H. Fbitsohe, Die tdgliche Periode der erdmagnetischen Elemente, St. Peters¬ 

burg, 1902; Diejdhrliche und tdgliche Periode der erdmagnetischen Elementej 
Riga, 1905. 

3. G. W. Walker, ‘The diurnal variation of terrestrial magnetism’, Proc. 

Boy. Soc. London (A), 89, 379-92 (1913). 

4. See ref. 8.12. 

5. A. VAN Vleuten, Over de dagelijJcsche variatie van het Aardmagnetisme, Kon. 

Nederlandsch Meteorol. Inst. No. 102, Mededeel. en Verhandel. No. 23. 
112 pp. Utrecht, 1917. (Also K. Akad. van Wet., Amsterdam, 26, 293-9, 
1917.) 

5a. A. T, Price and S. Chapman, ‘On line-integrals of the diurnal magnetic 
variations’, Proc. Boy. Soc.London (A), 119, 182-96 (1928). 

6. A. Schmidt, ‘Besitzt die tagliche erdmagnetische Schwankung in der Erd- 

oberfiache ein Potential ?’, Z. 19, 349-56 (1918). 

7. See ref. 7,1. 

8. See ref. 7.23. 

9. See refs. 7,21 0 -/ 2 .. 


CHAPTER XXI. THEORIES OP THE MAIN FIELD AND ITS 
SECULAR VARIATION 

1. A. Schuster, ‘A critical examination of the possible causes of terrestrial 

magnetism’, Proc. Phys. 80 c. London, 24, 121-37 (1912). 
la. M. A. Tuve, E. H. Vbstinb, and E. A. Johnson, ‘Various hypotheses 
regarding the origin and maintenance of the earth’s magnetic field.’ To 
appear in Trans. Washington Assembly 1939, Inf. Assoc. Terr. Magn. 
Electr. 

2. L. H. Adams and J. W. Grebn, ‘The influence of hydrostatic pressure on the 

critical temperature of magnetization for iron and other materials ’, Phil. 
Mag. (7) 12, 361-80 (1931); Terr. Magn. 36, 161-9 (1931). 

3. W. SuTHERiiAND, ‘A possible cause of the Earth’s magnetism and a theory 

of its variations’, Terr. Magn. 5, 73-84 (1900); 8, 49-62 (1903); 9, 167-72 
(1904); 13, 166-8 (1908). 

4. J. Larmor, ‘Possible rotational origin of magnetic fields of Sun and Earth’, 

British Ass. Report, Bournemouth 1919, p. 169; Electr. Beview, 85, 412 
(1919). 

5. T. G. Cowling, ‘The magnetic field of sunspots’, Monthly Notices Boy. 

Astr. 80 c. 94, 39-48 (1934). 

6. S. J. Barnett, ‘Gj^romagnetic effects: History, theory and experiments’, 

Physica, 13, 241-68 {193Z); Phys. Zeitschr. 36, 203-6 (1934). 

7. M. Brillouin, *Le champ magn6tique terrestre et les propri^t4s Electro - 

magndtiques internes du glohe’, Oomptes Bendus Acad. 8ci. Paris, 184, 
1381-6 (1927). 

8. G. Angbnheistbr, ‘Das Magnetfeld der Erde und der Sonne’, Nachr. Ges. 

Wiss. Gdttingen, 1924, pp. 229—36; Physik. Z. 26, 307 (1926). 



998 


BIBLIOGRAPHY 


[21.9- 


9. W. F. G. SwAiosr, ‘A generalization of electrodynamics, consistent with 
restricted relativity and affording a possible explanation of the Earth’s 
magnetic and gravitational fields, and the maintenance of the Earth’s 
charge’, PM. Afagr, (7) 3, 1088-1136 (1927). 

9a. W^THBB M. Elsassbr, ‘On the origin of the earth’s magnetic field’. 
Nature, 143, 374 f. (1939); Phya. Rev. 55, 489-98 (1939). (The author 
discusses the hypothesis that the earth’s main field is caused by thermo¬ 
electric currents in the earth’s metallic core. These currents are supposed 
to owe their existence to inhomogeneities continually created by tur¬ 
bulent convective motions.) 

10. T. SoHLOMKA, ‘Zur physikalischen Theorie des Erdmagnetismus Z. /. 

Oeophysik, 9, 99-109 (1933). 

11. W. F. G. Swann, ‘Status, scope, and problems of tho section of terrestrial 

Magnetism and Electricity’ . American Geophys. Union, Meeting 1923 
(Bull. iNTat. Res. Council, Washington, No. 41), pp. 60-8. 

12. -and A. Lonoaciie, ‘An attempt to detect a magnetic field as the result 

of the rotation of a copper sphere at high speed’, J, Franklin Institute, 
206, 421-34 (1928). 

13. S. Chapman, ‘ Cosmioal magnetic phenomena’, Nature, 124, 19-26 (1929). 

14. T. SoECLOMKA, ‘ Gravitation und Erdmagnetismus ’, Gerlands Beitr, z. Geophys. 

38, 367-406 (1933). 

15. H. BLaalob:, ‘tJber eine neue physikalische Erklanmg dor Ursache des Erd- 

und Sonneninagnetismus und des luftelektrischen Yertikalstroms’, Z. /. 
Oeophyaik, 12, 112-23 (1936).—^T. Sobxomka, ‘Zur neuen Haalckschen 
Theorie des Erdmagnetismus’, Z.f. Qeophysih, 13, 126-31, 195-8 (1937), 

15a. -‘tllDer die physikalischen TJrsachen des Magnetismus der Erde’, 

Gerlands Beitr. z. Geophys. 52* 243-69 (1938). 

16. A. Neppoldt, ‘Die einfachst© Erklarung des Magnetismus der Erde’, Das 

Weltall, 24, Heft 5. Berlin, 1925. 

17. -‘Zur physikalischen Theorie des Erdmagnetismus’, Terr, Magn. 26, 

99-111 (1921).—^A. Schmidt, ‘Bemerkungen dazu’, Terr. Magn. 26, 
129 f. (1921), 

18. O. Venskb, ‘t5her eine Fortfuhrung der Rowlandsch^n Versuche. Tatig- 

keitsbericht 1926’ (Verofi. Preuss. Meteorol. Inst. Berlin, No. 345), 
pp. 106-13. 

18a. Thbodob Sohlomka, ‘Zur Elektrodynamik des rotierenden Erdmagneten’, 
Z.f. Geophys. 14, 285-96 (1938). 

19. H. A. Wilson, ‘An experiment on the origin of the Earth’s magnetic field’, 

Proc. Boy. Soc. London (A), 104, 451-6 (1923). 

20. R. Gunn, ‘A theory of the permanent magnetic fields of the Sun and 

Earth’, P^a.JBev. 34,335-43,1621-2 (1929); Terr. Magn. 34,154, 319-21 
(1929). 

21. W. F. G. Swann, ‘Why the earth is a magnet’, Scientific Monthly, 21, 90-6 

(1925). 

22. H. Benndokp, ‘tJber das Gnmdproblem lufbelektr. Forschung’, Phys. Z. 

26, 81-91 (1926); Z.f. GeophyHk, 1, 147-62, 281 (1924-6). 

23. A. SoHMEDT, ‘Das Ratsel der erdmagnetischen Sakularvariation Terr, 

Magn. 37, 225-30 (1932). 

24. W. F. G. Swann, ‘The bearing of the earth’s size upon changes in its 

magnetization’, Jowm. Washington Acad. Sci. 11, 276-8 (1921); ‘Note on 
the earth’s magnetic field’, Ph/ys. Rev. 18, 140 (1921). 



999 


22.13] BIBLIOGBAPHY 

26. J. W. Greek, ‘ STiBcrustal convection-currents and magnetic secular varia¬ 
tion’. Comptes Rendus Assembl4e de Lisbonne, 1933. Ass. Magn. Eleotr. 
Terr., Bull. No. 9, pp. 231-4. 

26. B. Gtjkk, ‘Earth-movements and terrestrial magnetic variations’, Terr. 

Magn. 35, 151-6 (1930). 

27. E. BidIjINGMAier, ‘tlber das Wesen der sSjkularen Variation des Erd- 

magnetismus Phys. ^.11, 1216—22 (1910); 12, 445-59, 926-7 (1911). 

28. A. G. McNish, ‘The earth’s interior as inferred from terrestrial magnetism’, 

American Geophys, Union Trans., 1937, pp. 43-60. 

29. H. WiiiDB, ‘ On the relations of the secular variation of the magnetic declina¬ 

tion at London, Cape of Good Hope, St. Helena and Ascension Island, 
as exhibited by the Magnetarium’, Proc. Roy. Soc. London (A) 55, 210-17 
(1894). 

30. A. W. RtiOKER, ‘The secondary magnetic field of the earth’, Terr. Magn. 

4, 113-29 (1899). 

31. L. A. Ba-Tjer, ‘Remarks upon Professor Rucker’s paper and Wilde’s Mag¬ 

netarium’, Terr. Magn. 4, 130-2 (1899). 

32. Ch. Mattraik, ‘Influence possible des actions m6caniques (vibrations) et 

des perturbations magn^tiques sur le champ magn4tique terrestre et ses 
anomalies’, C. R. Acad. Soi. Pans, 204,1096-7 (1937). (Secular changes 
of local magnetic anomalies may be caused by changes of the induced 
or remanent magnetism in connexion with microseismic movements of 
the crust, or with magnetic storms.) 

CHAPTER XXn. ELECTROMAGNETIC IISDIJCTION WITHIN 

THE EARTH 

1. H. SoHMTDT, ‘Leitvermogen des Oberflachenwassers der Nordsee’, Jahrbuch 

der drahtlosen Telegraphic, 4, 636-8 (1911). 

2. K. IlLiiBR, ‘Elektrische Leitfahigkeiten von Meer und Land’, Jahrluch der 

drahtlosen Telegraphic, 4, 638-40 (1911). 

3. H. Lowy, ‘Bie Elektrizitatskonstante und Leitfahigkeit der Gesteine’, Ann. 

derPJiysih, 36, 125 (1911). 

4. See refs. 13.18, 13.36, 13.37. 

5. A. T. Price, ‘Electromagnetic induction in continuous media, with applica¬ 

tions to engineering and geophysics ’. (Treatise in preparation.) 

6. H. Laicb, ‘On electrical motions in a spherical conductor’, PTiiZ. Trana. 

London, 174, 619-49 (1883); 180, 613-18 (1889). 

7. See ref. G 97c (2nd section, Part HI, Chapter I of this reference). 

8. See ref. 13.70. 

9. See ref. 13.71. 

10. S. Chapman and A. T. Pbiob, ‘The electric and magnetic state of the interior 

of the earth, as inferred from terrestrial magnetic variations ’, Phil. Trans. 
London (A), 229, 427-60 (1930). 

11. A. T. Price, ‘Electromagnetic induction in a sphere’, Proc. London Math. 

^oc. (2) 31, 217-24 (1930); 33, 233-45 (1932). 

12. H. Ebtbe, Theorie der durch Variationen des magnetisohen Potentials in- 

duziertenJEJrdstrdme hei ungUiohforimgerLeUJdhigJceit der Erdrinde. Preuss. 
Meteorol. Inst., Abhandl. Band 10, Nr. 2. 17 pp. ( = VerOfi. Nr. 391; 
Archi/odesErdmagn., Heft 8), Berlin, m2.—Naturwiss. 20, 860-2 (1932). 

13. H. Bttohhoiz, ‘Die Weohselstromausbreitung im Erdreioh imterhalb einer 

einseitig ofrenen und unendlich langen vertikalen Leiterschleif© im 

3596.8011 3 k 



1000 


BIBLIOGBAPHY [22.14- 

Luftrautn’, Archiv fiir Mektrotechnik, 30, 1-33 (1936); see also 29, 741- 
74(1935). 

14. See ref. 21.11. 

15. W. F. G. SwAurer, ‘The bearing of the earth’s internal magnetic permeability 

■upon the self- and mutual inductance by coils woxmd on its surface’, 
Phys, Rev. 41, 649-66 (1932). 

16. B. IT. Lahibi and A. T. Peicb, ‘Electromagnetic induction in non-uniform 

conductors, and the determination of the conductivity of the earth from 
terrestrial magnetic variations PhiL Trans. Boy. Soc. Lond. 237, 509-40, 
1938. 

17. S. Chap]nian, ‘The heating of the earth and oceans by induced electric 

currents’, Terr. Magn. 42, 359-60 (1937); see also ref. 23.13. 


OHAPTEB XXIII. THEORIES OF THE SOLAR AND LUNAR DAILY 
MAGNETIC VARIATIONS 

1. See ref. G 7. 

2. See ref. 20.1. 

3. A. SoHTJSTEB, ‘The diurnal variation of terrestrial magnetism’, PMl. Trans. 

London (A), 208, 163-204 (1908). 

4. Ref. 8.5. 

5. Ref. 20.7. 

6. Ref. 16.21. 

7. Ref. 16.65. 

8. Ref. 16.70. 

9. S. Cbcajpman*, ‘Some problems of terrestrial magnetism’, J. Lond. Math. Soc. 

2, 131-44(1927). 

10. -‘Electrical phenomena occurring at high levels in the atmosphere’, 

J. Inst. Elect. Eng. 67, supplement, 209-22 (1920). 

11. E. Gold, ‘The relations bet-ween periodic variations of pressure, tempera¬ 

ture, and wind in the atmosphere’, PMl. Mag. 19, 26-49 (1910). 

12. J. Baetbls, ' Gezeitenschwingungen der Erde’, Wien-Haems, Handbuchd. 

Experimentalphysilc, Band 25, Teil 1, pp. 203-8. Leipzig, Akadem. Ver- 
lagsges., 1928. 

13. S. Chajpmaet, ‘The heating of the ionosphere by the electric currents asso¬ 

ciated with geomagnetic variations’, Terr. Magn. 42, 355-8 (1937); see 
also ref. 22.17. 

14. M. Faraday, ‘On the diamagnetic conditions of . . . gases; Atmospheric 

magnetism’, Phil. Mag. 31, 416 (1847); Ann. der Phy$. 73, 259 (1848); 
Experimental Researches, 2847-3069; Phil. Trains. London (1851). 

15- S. H, Cheistib, ‘. magnetic forces generated . . . during rotation’, PMl. 
Trans. London (1827); L, Moser, ‘tfber eine Methode, die Lage und Klraft 
des veranderlichen magnetischen Pols kennen zu lemen’, Ann. d. Phys. u. 
Ghemie, 28, 49-74, 273-96 (1833); ‘tJber den Magnetismus der Erdo’, 
Ann. d. Phys. u. Ghemie^ 34, 63-84, 271-92 (1835); db la Rive, Ann. de 
GMmie, 25, 310 (1849). 

16. See section 8 of ref. G 2. 

17. R. Gtestn*, (a) ‘The diamagnetic layer of the earth’s atmosphere . . Phys. 

Rev. 32, 133-41 (1928); (6) ‘The diamagnetic theory of undisturbed ter¬ 
restrial magnetic variations’, Terr. Magn. 34, 17-21 (1929). 

18. - (a) ‘Note on the radial magnetic gradient of the sun’, Terr. Magn. 33, 

231, 232 (1928); (6) ‘The sun’s radial magnetic gradient and atmosphere*. 



24 . 4 ] 


BIBLIOGEAPHY 


1001 


Rev. 33, 614-20 (1929); (e) ‘Theory of the znagnetio Md associated 
with Bun-^otsS Aetroph^a. J. 69, 287-92 (1929); (d) ‘Electromagnatic 
efifeot of importaace in solar and terrestrial znagnetkcn’, Phya, Rev. 33, 
832-6 (1929); (e) ‘On the anomalous rotation of the sun’, Phya. Rev. 35, 
635-42 (1930); (/) ‘ Origin of the variations in the sun’s rotational vdooity 
Phya. Rev. 36,1251-6 (1930). 

19. S. GsAfHAN, (a) ‘On the radial limitation of the sun’s magnetio field’, 

Monthly Notices Roy. Aatron. 8oc. London, 89, 67t- 79 (1928); (6) ‘ The sun’s 
general magnetio field and the chromosphere’, ibid., pp. 80-4 (1928); 
(c) ‘The electrical conductivity of stellar matter’, ibid., pp. 54-7 (1928). 

20. -‘ On the theory of the solar diurnal variation of the earth’s magnetism ’, 

Proc. Roy. Soo. London (A), 122, 369-86 (1929). 

21. E. SoHBdDiNGiDa,/Site.-Eer. Akad. Wien, Math.'-naturuj. KL, Abt. Ila, 121, 

1305-28 (1912). 

22. N. Bobb, 8tudier over metallemea elektrontheori. Dissertation^ Copenhagen 

(1911). 

23. H. J. YAN LEBinwBir, ‘Problems of the electronic theory of magnetism’, 

if. de P%s. et de Radium, 2, 361-77 (1921). 

24. S. Chapman, ‘On the diamagnetb field of the outer atznosfphere’, Terr. 

Magn. 34, 1-16 (1929). 

25. A. Pamiokobk, ‘lonissation in stellar atmospheres’. Bull. Aatr. Inet. Nether- 

Umda, No. 19, p. 107 (1922). 

25a. S. RosssiIiAND, ‘Electrical state of a star Monthly NoticeaRoy. Aatron. Soc. 
London, 84, 720-8 (1924). 

26. T, G. CowmsTO, ‘On the radial limitation of the sun’s magnetic field’, 

Monthly Noticea Boy. Aatron. Soo. London, 90,140-54 (1929). 

27. - ‘The electriool conduotivity of an ionized gas in the presence of a 

magnetio fidd Monthly NoUoeaRoy. Aatron. Soc. London, 93, 90-8 (1932). 

28. -‘Diamagnetiem and drift currents in the solar atmoi^here’, Monthly 

Noticea Roy. Aatron. Soc. London, 92, 407-13 (1932). 

29. -‘The deotrioal conductivity of an ionized gas in the presence of a 

magnetio field ’, Monthly NoHceaRoy. Soc, Aatron. London, 93,90-8 (1932). 

30. See r^. 10.9. 

31. See ref. 10.10. 

32. J. A- EtiBMiNra, ‘Summary of the year’s work, D^t. Terr. Magn., Carnegie 

Institution’, Terr. Magn. 42, 404 (1937). 

33. See refs. 10.25-33. 

34. See ref. 10.36. 

35. S.CHAPiiLAN,‘The efieot of a solar eoHpse on the earth’s magnetio field’, rerr. 

Magn. 38, 175-83 (1933). 

CHAPTER XXIV. CORPUSCDLAB IMISSIONS PROM THE SUN, AND 
aBOMAONETIC DISTURBANCE 

1. A. SoosusTHa, ‘On the origin of magnetio storms’, Proc. Roy. Soo. London, 

85, 44-50 (1911). 

2. See G 97, 97a. 

3. K. BiBEBitAND, ‘Sur la conservation et Torigine du magndtiamie terreetre’, 
Oomptea Rendua Acad. Sd. Ptxria, 157, 276-7 (1913); the separate copies 
contain a printed ‘Remarque’ of two pages added July 1913. 

-* Sur le xnaga6tisme g4a4ral du soleil’, CompteaRendua Acad. Sci. Patia. 

157, 104-6 (1913), 


4 . 



1002 


BIBLIOaRAPHY 


[24.5- 


5. K. Birkelant>, ‘Stit la luraiere zodiacale \ CoTUptes Rend^is Accid, 

152, 346-9 (1911). 

6. -‘Ph6rLom5aes celestes et analogies exp^rimentales % Comptcs JRendus 

Acad. Sci. Paris, 153, 938-40 (1911). 

7. A. BauvUiLieb, ‘Terrestrial electromagnetic phenomena produced by solar 

eiimsion*, Reviie Oindrale de VJSlectric. 31, 443-56, 477—88 (1932). 

8. See refs. 5.33, 6.24. 

9. See ref. 6.36. 

10. C. W. Aulen, ‘Velocity of a dark hydrogen marking’. Observatory, London, 

61, 136-7 (1938). 

11. S. R. PiKB, ‘The motion of gases in the stin’s atmosphere Monthly Notices 

Roy. Astron. aSoc. London, 88, 3-30 (1927); ‘ Note on the separation of gasos 
in prominences’, ibid., pp. 635-40 (1928). 

12. S. Ckapman and V. C. A. Feebabo, ‘The electrical state of solar streams of 

corpuscles’. Monthly Notices Roy, Astron. Soc. London, 89, 470-9 (1929), 

13. A. L. CoETiE, ‘Sunspots and terrestrial magnetic phenomena, 1898-1911 ; 

the cause of the annual variation of magnetic disturbance’. Monthly 
NoticesRoy. Astron. Soc.London, 73, 62-60 (1912). See also ref. 34n, C?h. V. 

14. A. S. Eddington, The Internal Constitution of the Stars, pp. 381 f. Cam¬ 

bridge Univ. Press, 1926. 

15. F. A. LiNDBMA 2 STsr, ‘Note on the theory of magnetic storms’, Phil. Mag. 38, 

669-84(1919). 

16. V. 0, A. Ferraeo, ‘On recombination in ionized streams of corpusclos from 

the sun’,PM. Mag. 91,184-7 (1930). 

17. See ref. 12.17. 


18. E. BRxjroHE, ‘Some, new theoretical and experimental results on the Aurora 

Polaris’, Terr. Magn. 36, 41-52 (1931); NaPurwiss. 18, 1085-92 (1930); 
Physilc. Z. 31, 1011-16 (1930); 32, 31-3 (1931); Z. f, Astrophysilc, 2, 30- 
69 (1931). 

19. C. Stormee, ‘Sut les trajectoires des corpuscules dlectris^es dans I’espooe 

sous Paction du magn^tisme terrestre avec application aux aurores 
hordes’. Arch. Sci. Phys. Qenlve, (a) 24, pp. 6, 113, 221, 317 (1907); 
(6) 32, 33, 163 pp. (1911, 2); (c) 35, 483-8 (1913). 

20. -‘ Sur un problems relatif airs: mouvements des corpuscules 41ectriquaa 

dans I’espace cosmique’. Communications 1—4, Eo’istiania, Videnshaps^ 
selsh. SJcrifter I. Mat. naimv. KL, 1907, 1913, 1916. 

21* ‘R^sultats des calculs num4riques des trajectoires des corpuscules 
41ectriques dans le champ d’un aimant 61ementaire Kristiania, Shrifter 
VidsJcc^sselsh.Mat.-naiurv. Kl., Nr. 1, 1913; 2 , 1913; 3, 1913; 4, 1936; 
5, 1936. 


— ‘Periodische EleiitronenbahaenimFeld eines Elementarmagneten. und 
ihie Anweadimg auf Eruches ModellversTiche und auf Esohenhagens 
Elementarwellen des Brdmagaetismus Z. f. Astrovhvsik, 1. 237-74 
<1930). 

—‘Ein PmdameatalproHem der Bewegung einer elektrisch geladenen 
Eoipuskel im kosmischen Ramae’, Z.f. Astrophyaik, 3, 31-62, 227-52 
(1931); 4, 290-318 (1932); 6, 333-4 (1933). 

‘How tke korseshoe-formed auroral curtains can ke explained by the 
coipuscular theory’, Terr. Magn. 37, 376-88 (1932). 

— the trajTOtories of electrical particles in the field of a magnetic 
o^le with applications to the theory of cosmic radiation Oslo, Avhandl. 



25.4] 


BIBLIOaRAPHY 


1003 


Vid, Alcad., Mat, Naturv, KL, 1933, 1934; Astrojphyaica I^orvegica, Oslo, 

1, 1-10, 115-08 (1934-5); 2, 1-121 (1936), 193-248 (1937). 

26. C. Stormeb, ‘ Critical remarks on a paper by G. Lemaitre and M. S. Vallarta 

on cosmic radiation’, Phys, Rev,t 45, 835-8 (1934). 

27. G. Lemaitre and M. S. Vallarta, ‘On Compton’s latitude efiect of cosmic 

radiation’, Phys, Rev. 43, 87-91 (1933). 

28. -and L. Boxjckaert, ‘On the north-south asynoinetry of cosmic 

radiation’, Phys. Rev. 47, 434-6 (1935). 

29. M. S. Vallarta, ‘On the longitude effect of cosmic radiation’, Phys. Rev. 

47, 647-61 (1935). 

30. G. Lemaitre and M. S. Vallarta, ‘ On the geomagnetic analysis of cosmic 

radiation’, Phys. Rev. 49, 719-26 (1936). 

31. -‘On the allowed cone of cosmic radiation’, Phys, Rev, 50, 493— 

504 (1936). 

31a. M. S. Vallarta, ‘Present status of the theory of the effect of the earth’s 
magnetic field on cosmic rays’, Joum. Franklin Inst. 227, 1—29 (1939). 
(A review.) 

316. Thomas H. Johnson, ‘The geomagnetic effects and their bearing upon 
the fundamental problems of the cosmic ray investigation’, J. Franklin 
lnst.227, 37-68 (1939). 

31c. -‘Cosmic-ray intensity and geomagnetic effects’, Rev, Modem Physics, 

10, 193-244 (1938). 

31d. Albagli Bi. Htjtotr, ‘ On the penumbra of cosmic radiation’, Phys. Rev, 
55, 16-23 (1939). 

316. E. J. SoHBEm, ‘ General theory of the earth’s shadow of cosmic radiation 
Phys. Rev. 54, 153-62 (1938). 

32. P. S. Epstein, ‘Inffuence of the solar magnetic field upon cosmic rays’, 

Phys. Rev. 53, 862-6 (1938). 

33. K. O. Kiepenhextbr, ‘Bemerkungen zur Birkeland-Stormerschen Theorie 

dos Polarlichts’, Z.f, Astrophysih, 10, 279-84 (1935). 

34. -^Zux Theorie der Sonnenkorona’, Z. f. Astrophysih, 10, 260-78 (1935). 

35 . -‘2ur Dynamik der Sonnenprotuberanzen’, Z. f. Astrophysih, 15, 53- 

68 (1938). 

36. M- WaIiDMBibr, ‘Aufsteigende Protuboranzen Z.j. Astrophysih, 15, 299- 

314 (1938). See also ref. 5.36. 

37. S. Chapman, ‘ The motion of a neutral ionized stream in the earth’s magnetic 

field’, Proc. Phil. Soc. Cambridge, 21, 677-94 (1923). 

38. See ref. 25.2. 

39. V. C. A. Ebbraro, ‘A note on the possible emission of electric ciorrents from 

the sun’, Monthly Notices Roy. Astron. Soc, London, 91, 174-84 (1930). 

40. H, M. Nautioal Almanac Oppiob, ‘ The corpuscular eclipse of 1940 October 

1 ’, Monthly Notices Roy. Astrcm. Soc. London, 98, 727—33 (1938); see also 
ref. 16.38. 

CHAPTER XXV. THEORIES OE MAGNETIC STORMS AND AURORAE 

1. See ref. 9.34. 

2. E. O. Hulbtibt, ‘On the origin of the aurora polaris’, Terr. Magn. 33,11-13 

(1938), and Phys. Rev, 31, 1038-9 (1928). 

3. S. Chapman, ‘On the origin of the aurora polaris’, Phys. Rev. 32, 993—5 

(1928); reply by E. O. Htjlburt, ibid., p. 996. 

4. See ref. 16.10. 



1004 


BIBLIOGRAPHY 


[26.5- 


, 6. See ref. 11.21. 

6. E, 0, Htjlbubt, ‘On the ultra-violet light theory of aurorae and magnetic 

stormsPA 2 / 5 . 34, 344-61 (1929); see also ibid., pp. 1167-83. 

7. S. Chapman, ‘On solar -ultra-violet radiation as the cause of aurorae and 

magnetic storms’. Monthly Notices Boy, Astron, Soc, London^ Geophys. 
Suppl. 2, 296-400 (1930). 

8. E. O. Htjlb-dbt, ‘The ultra-violet light theory of aurorae and magnetic 

storms’, PTiys. 36, 1660-9 (1930). 

9. -- ‘Terrestrial magnetic variations and aurorae’. Reviews of Modem 

Physics, 9, 44-68 (1937). 

10. S. Chapman, ‘On theories of magnetic storms and aurorae ’, Terr, Magn, 43, 

77-9(1938). 

11. -and V. C. A. Febeabo, ‘A new theory of magnetic storms’. Nature, 

126,129-30(1930); Perr.Magr7^.36,77-97,171-86(1931);37,147-66 (1932). 

12. A. G. MoNish, ‘On the ultraviolet light-theory of magnetic storms’, Pliys. 

Rev. 52, 156-60 (1937). 

13. S. Chapman, ‘The energy of magnetic storms’. Monthly Notices Boy. Astron. 

Soc. London, 79, 70-83 (1918). 

14. -‘The field energy of magnetic storms’, Terr. Magn. 37, 269-72 (1932). 

15. -and T. T. Whitehead, ‘The influence of electromagnetic induction 

■within the earth’, Proc. Intemat. Math. Congress, 1924, Toronto, pp. 
313-37 (1928) (criticized in ref. 22.10). 

16. See ref. 9.39. 

17. See ref, 9.20. 

CHAPTER XXYI. HISTORICAL NOTES 

1. A. Cbiohton MitohelIi, ‘Chapters in the history of terrestrial magnetism*, 

Terr. Magn. 37, 105-46 (1932); 42, 241-80 (1937); 44, 77-80 (1939). 

2. Timotbo BertehCiI. Pull references to his studies (between 1866 and 1903) 

on the history of terrestrial magnetism, mostly published in Italian 3 oumals, 
are given by Crichton Mitchell, loc. cit., p. 138, An abstract of Bertelli’s 
papers, in English, was published by D. L. Hazard, Terr. Magn. 8 , 179-83 
(1903). 

3. A. SoHtS^OH, Der Konvpass: I. 46 Tafehi und Verzeichnis. Hamburg, 1911; 

II. Sagan von der Erflndung des Kompasses, etc. 68 + 12 pp., plates 47-79. 
Hamburg, 1915. 

4. G. Heixmann, ‘Die Anfange der magnetischen Beobachtxmgen’, Z. Qes. 

Erdkunde, Berlin, 32, 112-36 (1897); transl. (in part) by Batjbb, Terr. 
Magn. 4:, 73-86 (1899). 

5. L. Mosbb, ‘Magnetismus’, in H. W. Dove, Bepertorium der Physik, Band 2 , 

129-284. Berlin, Veit u. Co., 1838. 

6 . G. Heixmann, ‘Rara Magnetica’, Neudruche, No. 10, see G 6 . 

7. S. GtJNTHEE, Handhu^h der Qeophyaik. 2 . Auflage. Band 1 , pp. 605-616. 

Stuttgart, Perd. Enke, 1897. This book contains many historical details; 
many of these are seen in a different light by Crichton Mitchell. 

8 . G. Heixmann, Neudrucke, No. 9 , see ref. G 6 . 

9. - Nevdrucke, No. 4, see ref. G 6 . 

9c. L. A. Ba-oee, ‘Halley’s earliest variation chart’, Terr. Magn. 1, 28-31 (1896). 

10. G. B. Airy added a smaller copy of Halley’s chart in the Results of the 
magneUcal and meteorological ohservations made at the Royal Observatory, 
Ghreenvnch, 1869. 



1005 


26.27] 


BIBLIOaRAPHY 


Tram 1683 ^ vanation of the ma^netieal compass’, PM. 

variation *1^® 

11 T hy Halley, M^seeaama Gvrioaa, 1, 27-69. London, 1706. 

om HOBOHMAN, The Magnetic AHas or mriaUon charts of Hie whole terr- 

® of the mriation and dip of the needle, by 

wfticA, the ohse/r^rxma hemg trvly made, the longitude may be ascertainJ, 
4th ed., xxrx+86 pp. London, 1804. 

12. J. C. WiLOEE, ‘FOrsOk ta en Magnetisk Inclinations-CIharta*, Kongl. Vefen- 
skaps Akadetmens Sandlmgar, 29, 193-225. Stockholm, 1768. 

Chr. H^teen, ‘Beobaohtungen uber die Ihtensitat des MagnA^igmna jm 
nbr^ichen Europa’, Poggendorff's Ann. 3, 225-70 (1825); ‘Isodynamisohe 
Lmien fiir die ganze magnetische Kraft*, Poggendorff's Ann, 9, 40-66, 
229-44 (1827). jj » » 

13a. K. F. WASSERr-AiiL, 'Hanateea’s magnetic instrument’, T&n. Mmn- 42, 
45-7 (1937). 


13. 


14. Dupubrey’s charts are reproduced in the first edition of Berghaus’s Physika- 
liacher Atlas (lY. Ahtheilung, Nos. 3 and 4, Gk)tha, 1837 and 1839), also 
in BecqtieirbIi’s Traiti de Vilectricitd et du magnitismef Atlas. Paris, 1840. 

16. E. Sabine, ‘Report on the variations of the magnetic intensity observed at 
different points of the earth’s surface, Seventh Peport Brit, Aas., 1837. 
pp. 1~86. 

16. Eritst Soherin'GI-, ‘Carl Friedrich Gauss und die Erforschung desErdmagne- 

tismus’, Ahhandl, Gea. Wiss, QoUing&n, 34, 1-79 (1887). 

16a. A. SoHMiDT, ‘Gauss als Physiker, insbesondere als Erdmagnetiker’, Berieht 
Tdtigkeit Prezisa. Meteorol, Inst. Berlin im Jahre 192T, pp. 41-6. 

17. C. Han-stben, see ref. G 2. 

18. C. F. Gauss, Gesammdte Werke, Band 6, contains the geomagnetic papers. 

His scientific life is described in vols. x and xi; for an attractive popular 
account of his life see It. Bibbbebaoh, Carl Friedrich Qauaa. 179 pp. 
Berlin, Keil Verlag, 1938. 

19. George Graham, PML, Trans, London^ No. 383, p. 96 (1724). 

20. E- Waxkeb, Terrestrial cmd Coarmcal Magnetism, see ref. G 5. 

21. Andreas Celsius, ‘Bemerkungen fiber der Magnetnadel stfindliche Yeran- 

derungen inihrer Abweichung’, Svenak, Vet. Acad. Handl,, 1740, pp. 296-9; 
Olav Peter Hiortbr, ‘Von der Magnetnadel verschiedenen Bew^ungen*, 
Svenak. Vet. Acad. Handl., 1747, p. 27. 

22- J. C. WiLCKE, ‘Von den johrliohen und taglichen Bewegungen der Magnet¬ 
nadel in Stockholm’, Svenak, Vet. Acad. Handl., 1777, pp. 273-300. 

23. BE MLajran, Traitd physique et Matorique de Vaurore boricde. Suit© des M4m. 

Acad. Roy. Sci. 670 pp. Paris, 1731; 2nd ed., 1764. 

24. Canton, ‘An attempt to account for the regular diurnal variation of the 

horizontal magnetic needle’, Phil, Trans. London, 1759, p. 398 ff. 

25. Aiexantder von Humboldt and H. W. Dove, ‘Correspondierende Beobach- 

tungen fiber die regelmass^en stiindhchen Veranderungen und fiber die 
Perturbationen der magnetisohen AbTveichi mg im mittleien und ostlichen 
Europa’, Poggendorff^a Annalen, 19, 367—91 (1830). 

26. Humboldt’s letter is reprinted in Nature, 141, 299 (1938). 

27. C. F. Gauss and W. Weber, ‘Resultate aus den Beobachtungen des Mag- 


netischen Vereins’, see ref. G 3. 



1006 


BIBLIOGRAPHY 


[26.28- 


28. K. SoHEBiN-a, Qeogr, Jahrbiuch, 13, 1889, see ref. G 41a. 

29. J. M. GixijISS, Magnetical and Meteorological Observations made at Washington 

under Orders of the Hon, Secretary of the Navy, xxviii+ 648 pp. Washington, 
Gales and Seaton, 1845. 

30. Royal Society, London-, Bevised Instructions for the Use of the Magnetic and 

Meteorological Observatories and for the Magnetic Surveys. 47 pp. London, 
Richard and John E. Taylor, 1842. 

31. E. Sabdte, ®On what the colonial magnetic observatories have accomplished’, 

Proc. Boy, Soe. London^ 1857, 19 pp. 

32. -‘On periodical laws discoverable in the mean effects of the larger magne¬ 

tic disturbances’, PM, Trarys, London^ 1851, pp. 123-39 ; 1852, pp. 103-24. 

33. K. Kreil, ‘EinflLuss des Mondes auf die magnetische Deklination’, Denh- 

sohriften Akad. Wiss. Wien, Math.-naturw. Kl.3, 1-47 (1850); . auf die 

horizontale Componente der magnetischen Erdkraft’, ibid. 5, 3-58 (1853). 

34. Charles Brooke, ‘On the automatic registration of magnetometers, and 

other meteorological instruments, by photography’, Phil, Tram. London, 
1847, pp. 69-77; 1850, pp. 83-91; 1852, pp. 19-24. 

35. CharIjEs a. Sohott, ‘An inquiry into the variation of the compass off the 

Bahama Islands, at the time of the landfall of Columbus in 1492’, U.S. 
Coast and Geodetic Survey Report for 1880, A-g-p, 19. 8 pp. Washington, 1892. 

36. S. Gcnther, ‘Johannes Kepler und der tellurisch-kosmische Magnetismus’ 

(Pencks geograph, Abhandl.^ Bd. Ill, Heft II). 71 pp. Wien and Ohniitz, 1888. 

37. J. La3IONT, Magnetische Karten von Deutschland und Bayern, 16 pp.+6 

charts. Miinchen, 1854. 

38. Wilhelm: Weber’s Werke, Band 2, ‘Magnetismus’. 380 pp. Berlin, J. 

Springer, 1892. 

39. H. Lloyd, Account of the Magnetical Observatory of Dublin, and of the instru- 

ments and methods of observation employed there, Dublin, 1842. 

40. M. Faraday, ‘Experimental Researches Nos. 2847-3069’, Phil, Trans. London, 

1861,1. (German translation in Kronigs Journal f. d. Physik des Auslandes, 
2, 14-66, 169-212, 296-405 (1852)’.) 

41. M. T. Edelmantn-, Die erdmagnetischen Apparate der Polar-Expeditionen im 

Jahre 1883, 34 pp. -f-B plates. Braunschweig, Friedr. Yieweg u. Sohn, 1882. 

42. BLarl B^reeCj, ‘Anleitung zu den magnetischen Beobachtungen’, 2. Auflage, 

Sit^s.-Ber. Akad, Wiss, Wien, Math,-naturw. Kl,, Anhang zn Band 32. 
216 pp. Wien, 1858. 

43. G. B. Airy, Autobiography, xii+414 pp. Cambridge University Press, 1896; 

see p. 195. 

44. F. Araoo, Meteorological Essays, London, 1865 (pp. 315-500 deal with 

geomagnetism and aurorae). 

46. A. VON Humboldt, Cosmos, English translation by Otte and Dallas. London, 
H. G. Bohn, 1858 (vol. v, pp. 49-87, contains an extensive chronological 
account of progress in geomagnetism). 

Late Beferences 

2.96b, R. H. L-yddanb and A. E. Ruabk, ‘Coils for the Production of a Uni¬ 
form Magnetic Field.’ Beview Sd. Inst. 10, 253—7 (1939). 
lJ22a, J. Bartels and H. F. Johnston, ‘Main features of daily magnetic 
variations at Sitka, Cheltenham, Tucson, San Juan, Honolulu, Huancayo, 
and Watheroo.’ Terr, Mag, 44, 455-69 (1939): this paper illustrates 
Sq and Sj) for three seasons, as is done in ref. 6.12 for Niemegk. 



BIBLIOaRAPHY 1007 

11.31a. H. W. Nbwton, ‘Sunspots, bright eruptions, and magnetic storms.’ 
The Observatory, 62, 787, 318-26 (1939). 

11.44a. J. Bahtbls, N". H. Heok, andH. F. Johnston, ‘The three-honr-range 
index measuring geomagnetio activity’, Terr, Mag. 44, 411-64 (1939). 

12.3a. G. H. Abohhnhold, ‘The infLuence of the variability of the mean latitude 
of sunspots on the recurrence tendency of magnetic disturbances Monthly 
Notices Roy, Astron. JSoc, London, 99, 723-9 (1939). 

16.346. W. DrBMiNOBR and H. PucndIi, ‘Abnormale Erscheinung in der lono- 
sphare wahrend des IS'ordliohts vom 24-25 Feb. 1939’, Qerlawis Beitr. z. 
Geophys. 55, 189-92 (1939). 

15.34c. J. Bartejls, ‘Das Nordlioht vom 24-26 Februar 1939 in Deutschlandund 
die ©rdmagnetisohen St6rungen in Niemegk’, G&rlands Beitr, z, GeopJvya, 
55, 193-203 (1939). 

16.77a. D. R. Bates, R. A. Buokestoham, H- S. W. Massey, and J. J. Unwin, 
‘Dissociation, recombination and attachment processes in the upper 
atmosphere. 11. The rate of recombination*. Proa, Roy. Soc. Londx>n (A) 
170, 322-340 (1939). 

16.266. J. C. P. Melxer, Tables for corwerting rectangvlar to polar co-ordinatest 
16 pp. London, Scientific Computing Service Ltd., 1939. 


8695.8011 


3o 



(Tl) 

TABLE A 

lAst of Oeomagnetio Observatories 

giving (i) their geographical coordinates, namely, the north latitude (f> and 
the longitude A east of Greenwich; (ii) their geomagnetic coordinates, relative 
to the geomagnetic north-pole B at = 78*5°, A = 291° E,, and the corre¬ 
sponding geomagnetic equator: namely the north geomagnetic latitude 0, 
which is the angular distance from the geomagnetic equator, and the geo¬ 
magnetic east longitude A, which is the angle between the geographical 
meridian extending southwards from B, and the great circle through B and 
the station. The table also gives the angle ^ formed by this great circle with 
the geographical meridian of the station, eastward positive. 

The table lists all permanent observatories operating now or in the past, 
also many stations at which a series of consecutive magnetic observations 
has been taken for at least a few months, on expeditions, during surveys, etc. 
New sites of observatories which had to be transferred because of artificial 
disturbances, etc., are marked a or h. The letter C before the station-name 
signifies that the observatory contributed to the International Magnetic 
Character Figure in the year 1938. The last column gives some approximate 
information about the year at which observations began and ended. 

The table is an extension of that given by A. Schmidt in Archiv dea 
Erimagnetismus, Heft 4 [G 52]. 

The observatories are listed in decreasing order of north latitude. 


No, 


Station 


A 

0 A ijt 

Years 

1 


Fort Conger 

81°7 295-2 

sll 169-3 -165-2 

1881-3 

2 

C 

Calm Bay (Tikhaya) 

80-3 

62-8 

71-5 163-3 -32-2 

1931... 

3 


Cap Thordsen 

78-6 

15-7 

74-6 131-7 -48-1 

1882-3 

4 


Sveagnivan 

77-9 

16-8 

73-9 130-7 -46-2 

1932-3 

4a 


Chelyuskin 

77-3 104-3 

65-9 177-6 -3*2 

1934 

6 


Axeloen 

77-7 

14-8 

74-2 129-1 -46-5 

1902-3 

6 


Thule 

76-6 291-1 

88-0 0 0 

1932... 

7 


Bear Island 

74-6 

19-2 

71-1 124-6 -37-9 

1932-3 

8 

C 

Dickson 

73-6 

80-4 

63-0 161-6 -12-8 

1932-3 

9 


Ssagastyr 

73-4 126-6 

62-2 189-6 +6-6 

1882-4 

10 

C 

Matotchkin Shaj | 

73-3 

56-4 1 

64-8 146-5 -22-4 

1882-3, 

[1932... 

11 


Point Barrow 

713 203-3 

68-6 241-2 +33-0 

1881-3, 

[1932-3 

12 


Jan Mayen 

71-0 351-5 

73-4 96-3 -37-5 

1882-3, 

[1932-3 

13 


Scoresby Sund 

70-6 338-0 

75-8 81-8 -36-2 

1932-3 

14 


Bossekop 

70-0 

23-2 

66-6 120-4 -30-2 

1882... 

14a 


ICaafjord 

69-9 

23-0 

66-6 120*1 -30-2 

1902-3 

15 

C 

Tromso 

69-7 

18-9 

67-1 116-7 -30-8 

1932... 

16 


Petsamo 

69-6 

31-2 

64-9 126-8 -27-6 

1932... 

17 

18 


Godliavii 

King Point 

69-2 306-6 
69-1 221-9 

79-8 32-6 -17-5 

70-2 259*6 +33-4 

1927... J 



(T2) 


No. 


Station 

4> 

A 

0 

A 


^ Years 

19 


G-joahavn 

68% 

264-1 

77% 

309 

+ 2 V 2 

1924 

20 


Kultala 

68-5 

26-8 

64-7 

121-3 

-27-7 

1882-4 

21 

0 

Abisko 

68*4 

18-8 

66-0 

116 

-29-3 


22 

c 

Sodankyla 

67-4 

26-6 

63-8 

120-0 

-26-7 

1882... 

23 


KandaJakcha 

67*1 

32-4, 

62-6 

124-2 

-25-0 

1932-3 

24 


Kingua Pjord 

66-6 

292-7 

78-1 

3-2 

- 1-6 

1882-3 

25 


Dyra Fjord 

66-2 

337-6 

72-2 

73-0 

-28-3 

1902-3 

26 

c 

Wellen 

66*2 

190-2 

61-8 

237 

+24-6 

1933... 

27 


Angmagssalik 

65*6 

322-4 

74-2 

62-7 

-22*5 

1932-3 

28 


OoUege-Fairbanka 

64*9 

212-2 

64-5 

256-4 

+27-0 

1932-3 

29 


Gk>dthaab 

64-2 

308-3 

74-8 

29-6 

-13-0 

1882-3 

30 


Chesterfield Inlet 

63-3 

269-3 

73-6 

324 

+ 14-9 

1932... 

31 


Fort Rae (ne'w) 

62-8 

243-9 

69-0 

290-9 

+ 24-1 

1932-3 

31a 


Fort Rae (old) 

62-6 

244-3 

68-9 

291-4 

+ 23*8 

j 1882-3 

32 

0 

Srednikan. 

62-6 

162-3 

63-2 

210-6 

+ 12-7 

1936... 

33 


Doznbas 

621 

9-1 

62-3 

100-0 

-23-6 

1916... 

34 

c 

Yakutsk 

62-0 

129-7 

61-0 

193-8 

+ 6-8 

1926.., 

35 


Juliaxmehaab 

60-7 

314-0 

70-8 

36-6 

-13*8 

1932-3 

36 

c 

Xerwick 

60-1 

368-8 

62-5 

88-6 

-23-6 

1923... 

37 


Petersburg 

60-0 

30-3 

66-3 

117-0 

-20*8 

1829-77 

37a 

0 

Pawlowsk (Sloutsk) 

69*7 

30-6 

66-0 

117-0 

-20-6 

1878... 

38 


Ghristiaiiia 

60-0 

10-7 

60-0 

99-8 

-23*1 

1841... 

39 

c 

Lov6 (Stockholm) 

59-4 

17-8 

58-1 

106-8 

-22-1 

1928... 

40 

c 

Sitka 

570 

224-7 

60-0 

276-4 

+ 21-4 

1842... 

41 


Sverdlovsk 

56-8 

60-6 

48-6 

140-4 

-13-4 

1834... 

41a 

0 

Yyssokaya Doubrawa 

56*7 

61-1 

48-6 

140-7 

-13*3 

1932... 

42 


Copenhagen 

56-7 

12-6 

66-7 

98-6 

-20-5 

1888... 

42a 

c 

Rude Skov 

55-8 

12-4 

66-8 

98-5 

-20-6 

1907... 

43 


Kasan 

56-8 

49-1 

49-2 

130-6 

-16-6 


43a 

0 

Zainusohe 

56-8 

48-8 

49-3 

130-4 

-16-7 

1926... 

44 


Hakerstonn 

56-6 

367-6 

68-6 

83*8 

-20-6 

1849-60 

45 

0 

Eskdalemuir 

56*3 

356-8 

58-5 

82-9 

-20-4 

1008... 

46 

0 

KOnigsbe^g (Q-r. Raum) 

64-8 

20-6 

53-3 

106-3 

-19-6 

1929... 

47 

0 

Heanook 

54-6 

246-7 

61-8 

301-0 

+ 17-2 

1916... 

48 

0 

Hel 

54-6 

18-8 

53-4 

103-6 

-19-6 


49 


Lubeok 

53-8 

10-7 

64-3 

96-6 

-19-6 

1884r-94 

50 

0 

Stonyhurst 

53-8 

367-4 

67-0 

82-6 

-19-6 

1868... 

51 


Wilhebaoshaven 

53-6 

8-2 

64-6 

92-9 

-19-6 

1882-1938 

51a 


Wingst 

63-7 

9-1 

54-6 

94*0 

-19*6 

1938... 

52 


Dublin. 

53-4 

363-7 

57-2 

78-6 

-19-1 

1838... 

53 


Barnaul 

53-3 

83-8 

42-9 

168-1 

- 7-1 

1841.. . 

54 


Potsdam 

52-4 

13-1 

52-6 

97-1 

-18-9 

1890-1928 

54a 


Seddia 

62-3 

13-1 

52-4 

97-0 

-18-9 

1908-32 

545 

c 

Niemegk 

62-1 

12-7 

52-2 

96-b 

-18-8 

1932... 

55 


Irkutsk 

62*3 

104-3 

40-8 

174-6 

- 1-7 

1887... 

55a 

c 

Zouy 

62-6 

104-0 

41-0 

174*4 

- 1-8 

1924... 

66 

c 

S^wider 

62-1 

21-2 

60-6 

104-6 

-18*3 

1914... 

67 


Utrecht 

62-1 

6-1 

63-8 

89-3 

-18*9 

1867-98 

67a 


De Bilt 

62-1 

6-2 

63-8 

89*6 

-18-9 

1898-1938 

675 

0 

Witteveen 

62-8 

6-7 

54-2 

91-0 

-19-3 

1938... 

68 


Valencia 

61-9 

349-8 

66-6 

73-6 

-18-1 

^887... 

59 


dausthal 

61-7 

10-3 

62-3 

94-1 

-18-7 

1844... 

60 


GfOttingen. 

51-6 

9-9 

62-3 

93-7 

-18*7 

1833... 

61 

c 

Nijnedemtzsk 

61-6 

38-4 

46-9 

119-6 

-16*2 


92 

0 

Boohim 

61-5 

7-2 

52-8 

88-9 

-18-7 

1888... 



(T3) 


No. 


Station 


A 



Years 

63 


Kew 

6L6 369-7 

64-0 

83-3 -18-4 

1846-1820 

64 


Greenwich 

61-5 

0-0 

54-2 

83-8 -18-6 

1838-1924 

64a 

C . 

Abinger 

61-2 369-6 

54-0 

83-3 -18-4 

1924... 

65 


CoHm (Leipzig) 

51*3 

13-0 

51-6 

96-5 -18-6 

1936... 

66 


Nertschinsk 

51-3 

119-6 

39-9 

187-0 + 2-2 

1841.., 

67 


Breslau 

6M 

17-0 

60-5 

100-2 -18-2 

1870-96 

68 


Brussels (Ucole) 

60-8 

4-4 

52-7 

87-8 -18-4 

1841... 

68a 

c 

Manbay 

60-3 

5-7 

52-0 

88-8 -18-2 


69 


Aachen. 

60*8 

6-1 

52-3 

89-5 -18-4 


70 


Hermsdorf 

60-8 

16-2 

50-3 

99-3 -18-1 

1898... 

71 


Beuthen 

60-3 

18-9 

49-4 

101-6 -17-8 

1893... 

71o 


IQ'ikolai 

60*1 

18-9 

49-3 

101*5 -17-8 


72 


Falmouth 

60-2 

354-9 

54-0 

77-9 -17-7 

1886... 

73 


Prague 

60*1 

14-4 

50-0 

97-2 -18-0 

1839... 

74 


Janow 

49-9 

23-7 

48-0 

106-8 -17-3 


76 


Paris (Parc Saint Maur) 

48-8 

2-5 

51-3 

86-2 -17-6 

1810..., 








[1882-1901 

76a 


Yal Joyeux 

48-8 

2-0 

61-3 

84*6 -17-6 

1901-36 

766 

0 

Cabambon-la-For^t 

48-0 

2-3 

50-4 

83-9 -17-2 

after 1936 

76 


Mimioh 

48*2 

11-6 

48-7 

93-7 -17-4 

o 

00 
I— 1 

76a 


Maisach 

48-2 

11-3 

48-9 

93-4 -17-4 


766 


Fiiratenfddbrack 

48-2 

11-2 

48-9 

92-4 -17-4 

1938... 

77 

0 

Vienna 

48-2 

16-2 

47-9 

98-1 -17-2 

1862... 

78 


KremsmiSrister 

48-0 

14-1 

48-1 

96-0 -17-2 

1839... 

79 


O’Gyalla 

47-9 

18-2 

47-1 

99-8 -17-0 

1893... 

79a 


Am-vrossievka 

47-9 

38-5 

43-4 

118-4 -15-2 

1939 

80 

c 

Regensberg (Zurich) 

47-6 

8-5 

48-7 

88-0 -17-2 


81 


Besan^on 

47-2 

6-0 

49-0 

87-7 -17-1 


82 

0 

ITantes 

47-2 

368-4 

50-5 

80-1 -16-8 

1883... 

83 


Toyohara 

47*0 

142-8 

36-9 

203-6 4- 6-7 

1932-3 

83a 


Otomari 

46-7 

142-8 

36-6 

206-8 -I- 7-6 


84 


IClagenfurt 

46-6 

14-3 

46-7 

96*6 -16-8 

before 1893 

85 ' 


Odessa 

46-4 

30-8 

43-4 

110-9 -16-7 

1894... 

85a 

c 

Stepanovka 

46-8 

30-9 

43-8 

110-9 -15-8 


86 


Mailand 

46-6 

9-2 

46-6 

90-1 -16*6 

1836... 

87 


Pola 

44-9 

13-8 

46-1 

94-4 -16-3 

1896... 

88 


Belgrade 

44-8 

20-2 

43-8 

100-4 -16-0 


89 


Bucharest 

44-4 

26-1 

42-3 

106-8 -16-6 

1894... 

90 


CasteUacio 

44-4 

8-9 

46-7 

90-0 -16-2 

1932-3 

91 


Toronto 

43-7 

280-5 

54-9 

346-7 + 3-6 

1840... 

91a 

c 

Agiucourt 

43-8 

280-7 

65-0 

347-0 -f 3-6 

1898... 

92 

c 

Mai-Toon 

43-2 

132-3 

32-4 

198-3 -h 4-9 


93 


Pic-du-Midi 

42-9 

0-1 

46-0 

80-1 -16-6 


94 


Perpignan 

42-7 

2-9 

45-2 

82*8 -16-6 

1886... 

95 


Tiflis 

41-7 

44-8 

36-3 

122-1 -1-3*1 

1844... 

95<3 

\ 

Karsani 

41-8 

44-7 

36-4 

122-0 -13-1 

1926... 

956 

1 0 

Dousheti 

42-1 

44-7 

36-7 

122-1 -13-2 


96 

c 

Tashkent (Keles) 

41-3 

69-3 

32-4 

143-7 - 9-0 

1884... 

97 


Capodimonte 

40-9 

14-3 

41-2 

93-3 -16-3 

1881... 

98 


Tortosa 

40-8 

0-6 

43-9 

79-7 -16*0 

1906... 

99 

0 

> Cbimbra 

40-2 

361-6 

45-0 

70-3 -14*2 

1866... 

100 


Philadd.phia 

400 

284-8 

51-4 

362-4 + 2-0 

1840-6 

101 


Pekiu 

40-0 

116-6 

28-5 

184-8 + 1*3 

1830... 

102 


Washington 

38-9 

283-0 

60-3 

360-2 + 2-5 

1840-2 

loa 

% c 

1 ChelteDhain 

38-7 

283-2 

60-1 

360-6 4- 2-4 

1901... 



No. 


StaH(m 

* 

A 


A 


Tears 

103 


Baldwin 

38>8 

264*8 

48*9 

328*5 

o 

+ 7-7 

1900-9 

104 


Lisbon 

38-7 

350*9 

43*7 

69*0 

-18-8 


105 


Athens 

38-0 

23*7 

36-6 

101*4 

—14*4 

1899... 

106 

C 

San Miguel 

37-8 

334*4 

45-6 

50-9 

-11*3 

1901... 

107 


Zinsen 

87*5 

126*6 

26*4 

193-8 

+ 3-4 

1926... 

108 

C 

San IFemando 

36*5 

353*8 

41*0 

71*3 

-18-6 

1879... 

109 


Tsingtan 

36-1 

120*3 

24*7 

188*3 

-b 2*0 

1910... 

110 


Tokio 

36-7 

139*8 

25*4 

205-6 

■+ 6*1 

1897-1013 

110a 

0 

Kakioka 

36-2 

140-2 

26*0 

206-0 

+ 6*2 

1913... 

111 


Simoda 

34*7 

138-9 

24*4 

205-0 

-f 5*9 

1932-3 

112 


Lob Angelas (Cal.) 

34 

242 

,, 



1882-9 

113 

C 

Kaara 

33*8 

35-9 

30*2 

111-7 

-12*9 

1934... 

114 


Aso 

32*9 

131-0 

22*0 

198-0 

-f 4-2 

1932-3 

116 

C 

Tuoson 

32*2 

249-2 

40*4 

312-2 

-flO-l 

1009... 

116 


Zikawei 

31*2 

121-4 

19*9 

189*5 

-|- 2*2 

1874-1907 

116a 


Lukiapang 

31*3 

121*0 

20-0 

189-1 

-1- 2*1 

1907-33 

1165 

0 

Zo-S6 

31*1 

121-2 

19*8 

189*2 

-f 2*2 

1934... 

117 


Simla 

31*1 

77-2 

21*4 

149*3 

- 6*8 

1841... 

117a 

C 

Dehia Dun 

30-3 

78*0 

20*6 

149*9 

- 6*6 

1 1002... 

118 

c 1 

Helwan 

20*9 

31-3 

27*2 

106*4 

-12*7 

1907... 

119 


TaLhoku 

260 

121*5 

13*7 

189-8 

+ 2*2 


120 


Havana 

23*1 

277*6 

34*3 

345-1 

+ 3*2 


121 


Barraolqpore 

22*8 

88*4 

12*1 

168-7 

- 4*6 

1903... 

121a 


Tamanrasset 

22*8 

5-5 

25*4 

80-6 

-12*4 

1932 

122 


HftTiglcnTig 

22*3 

114*2 

10*8 

183*0 

+ 0*6 

1884... 

122a 

0 

Au Tau 

22*4 

114*0 

11*0 

182*9 

4* 0*6 


123 

0 

Honolulu 

21*3 

201-9 

21*1 

266*5 

+ 12*3 

1901... 

124 


Cuajimalpa (Max.) 

19*3 

260*8 

29*1 

327*1 

+ 6*6 

before 1896 

124a 


Teolosnioan 

19*8 

260*8 

29*6 

327*0 

+ 6*6 

1982 

125 


Toungoo 

18*9 

96*4 

7*8 

166*1 

- 2*9 

1904... 

126 


Bombay (Colaba) 

18*9 

72*8 

9*5 

143*6 

- 7*2 

1841-1904 

126a 

0 

Alibag 

18*6 

72*9 

9*5 

143*6 

- 7*2 

1904... 

127 


Vieques (Porto Rico} 

18*2 

294*6 

29*6 

3-9 

- 0*8 

1903-25 

127a 

0 

San Juan 

18*4 

293*9 

29*9 

3*2 

- 0*7 

1926... 

128 

0 

Mnmla (Antipolo) 

14*6 

121*2 

3*3 

189*8 

+ 2*0 

1890... 

129 1 


Madias 

18*1 

80*2 

3-1 

160*1 

- 5*9 

1841-60 

'✓130 


irnrlftflrttnal 

^0*2 


0-6 

147*1 

- 6*3 

1902... 

131 


Tkevandrum 

8*5 

77-0 

nr 1133 

- 6-4 

1841-69 

132 


Palau 

7-3 

134*5 

- ?-2 

203*3 

+ 4-6 


133 


Moka, Penumdo Po 

3-4 

8*7 

5-7 

78*6 

-11-3 

1932-3 

134 


Mogadiscio 

2-0 

45*4 

- 2-7 

114-3 

-10-5 

1932-3 

136 


Singapore 

1-3 

108*8 

-10-L 172*7 

- 1-5 

1841-5 

136 


Tatuooa 

- 1-2 

311*5 

9*6 

20*8 

- 4-1 


137 


Batavia 

- 6*2 

106*8 

-17-6 

175*6 

- 0-9 

1867... 

137a 


Buitenzoig 

- 6-8 

106*8 

-18-0 

175-6 

- 0*9 

1901... 

1876 

0 

Huyper 

- 6*0 

106-7 

-17*5 

175-6 

- 0*9 

1028... 

138 


Ajsoeaasion 

- 7-9 

345*6 

- 1*2 

53-8 

- 9*4 

1863-6 

130 


S. Paul da Inouda 

- 8-8 

13-2 

- 7*1 

80-6 

-11-5 


140 


Ellisabeihville 

-11-7 

27-6 

-12-7 

94-0 

+ 11*7 

1932-3 

141 

0 

Huanoayo 

-12*0 

284-7 

- 0*6 

363-8 

+ 1*3 

1922 

142 

0 

Samoa (Apia). 

-18*8 

188-2 

-16*0 

260-2 

+ 11*7 

1902... 

143 


St. HMena 

-16*0 

354-3 

-10*6 

60-9 

-10*4 

1841-9 

144 


Tananarivo 

-18*9 

47-5 

-23*7 

112*4 

-11*2 

1902:.. 

145 


Mauxitins 

-20*1 

67-6 

-26*6 

122*4 

-10*3 

1875... 

146 


La Quiaoa 

-221 

294-4 

-10*6 

3*2 

- 0*7 





Nc. 


Station 

4- 

A 


A 

4 

Years 

U7 


Rio de Janeiro 

-22-9 

316-4 

-12-5 

24-3 

0 

- 5-1 

1882... 

147a 


Vassouras 

-22-4 

316-4 

-11-9 

23-9 

- 6-0 

1915... 

14S 

C 

Watheroo 

-30*3 

116-9 

-41-8 

185-6 

+• 1-3 

1919... 

149 

C 

Pilar 

-31-7 

296-1 

-20*2 

4-6 

- 1-1 

1904... 

160 


Santiago 

-33*4 

289-3 

— 22-0 

358-5 

+ 0-4 


151 

c 

Cape Town 

-33*9 

18-5 

-32-7 

79-9 

-13-7 

1841... 

162 


Melbourne 

-37-8 

145-0 

-47-0 

220-3 

+ 9-4 

1858... 

152a 

c 

Toolangi 

-37*5 

145-5 

-46-7 

220-8 

+ 9-5 

1910... 

163 


Hobarton 

— 42-9 

147-5 

-51-7 

224-6 

+ 11-0 

1841-8 

164 


Christchurch 

-43-5 

172-6 

-48-0 

262-6 

-}-16*2 

1901-30 

164a 

c 

Amberley 

-43-5 

172-7 

-47-7 

252-6 

+ 15-1 

1929... 

165 


Kerguelen 

-49*4 

69-9 

-67-4 

127-6 

-14-1 

1902-3 

166 


Magallanes 

-53*2 

289-1 

-41-6 

368-6 

+ 0-5 

1932-3 

167 


South Georgia 

-54-5 

324-0 

-44-5 

26-3 

- 8-8 

1882-3 

168 


Kew Year’s Island 

-54*6 

295-8 

-43-2 

3-8 

- 1-3 


169 


Orange Bay 

-55*6 

291-9 

-44-0 

0-7 

- 0-2 

1882-3 

160 


Laurie Island 

-60*8 

316-0 

-60-0 

18-0 

- 7-2 

1903... 

161 


G-auss-station 

-66*0 

89-6 

-76-1 

141-9 

-17-6 

1902-3 

162 


Cape Denison 

-67-0 

142-7 

.. 

., 


1912-13 

163 


Discovery Bay 

— 77-8 

166-8 

-79-0 

294-4 

+69-6 

1902-3 

163a 


Cape Evans 

-77*6 

166-4 

-78-9 

293-2 

+58-8 

1911-12 

164 


Little America 

-78*6 

196-2 

-74-6 

312-1 

+48-4 

1929 


TABLE B 

Annual Means of Geomagnetic Elements at Observatories 

The number of each station is the same as in Table A. The earliest and 
latest annual mean known to the authors has been giwen, also (if possible) 
one or more annual means a few years earlier than the latest one, to indicate 
the present trend of the secular variation. Declination 2) positive towards 
east of north; Inclination I and vertical intensity Z positive if the north end 
of the needle points downward. The letter x denotes approximate or pre¬ 
liminary values which are not derived from continuous records. 

For further information see J. A. Fleming [G- 62 or 41 a]. 


No. 

Observatory 

Year 

D 


I 

H 

Z 




o 

f 

0 

f 

y 

y 

2 

Calm Bay 

1934 

+21 

27-8 

+83 

8-0 

6567 

+ 64529 

8 

Dickson 

1934 

+28 

29-4 

+ 83 

6*8 

6909 

+67208 

10 

Matotchkin Sliar 

1924 

+20 

37*6 

+80 

6*4 

9491 

+64320 



1934 

+21 

49*3 

+ 80 

31-6 

9046 

+64213 

15 

Tromso 

1931 

~ 3 

69-6 

+77 

2-6 

11548 

+50198 



1937 

- 2 

63*7 



11350 

+50308 

17 

Godhavn 

1927 

-68 

28*4 

+ 81 

34-7 

8265 

+66769 



1935 

-66 

13*8 

+ 81 

34-2 

8193 

+56285 

22 

Sodankyla 

1914 

+ 0 

18*3 

+ 75 

19*2 

12905 




1923 

+1 

30*6 

+75 

42-6 

12529 

+49189 



1933 

+ 3 

3*9 

+76 

11-7 

12110 

+49278 

36 

Lerwick 

1926 

-15 

2-8 

+ 72 

37-1 

14618 

+46699 



1933 

-13 

34-0 

+ 72 

44*6 

14477 

+46606 

37a 

Sloutsk 

1890 

- 0 

12*1 

+ 70 

44*1 

16418 




1925 

+ 3 

25*3 

+ 71 

27*1 

15770 

+47000 



1935 

+ 4 

38*4 

+ 72 

2*2 

16370 

+47404 

39 

Lov6 

1929 

- 3 

8*3 

+ 71 

24*9 

15584 

+46344 



1933 

- 2 

30*6 

+ 71 

36*5 

15469 

+46494 

40 

Sitka 

1902 

+29 

611 

+ 74 

47*8 

15441 

+ 66822 



1926 

+ 30 

27*2 

+ 74 

22*2 

16624 

+ 65488 



1936 

+ 30 

2-7 

+ 74 

20*1 

16460 

+ 66090 

41 

Sverdlovsk 

1890 

+ 9 

22*3 

+ 70 

363 

17810 




1931 

+ 10 

54*6 

+ 72 

26*9 

16200 ' 

+ 61220 

41a 

Vyssokaya Doubrawa 

1932 

+ 12 

49*9 

+ 72 

8*6 

16312 

+60634 



1936 

+12 

61*6 

+ 72 

17*7 

16210 

+ 60781 

42a 

Rude Skov 

1907 

- 9 

48*4 

+ 68 

44*0 

17423 

+44765 


» 

1926 

- 6 

57*7 

+ 69 

7*2 

17025 

+44631 



1936 

- 6 

8*8 

+ 69 

29*6 

16804 

+44927 

43a 

Zaimische 

1925 

+ S 

57-0 

+70 

12-2 

17260 

+47961 



1936 

+ 9 

16*4 

+70 

53*2 

16790 

+48460 



No, 

Observatory 

Year 

L 


I 


H 

Z 




o 

/ 

o 

/ 

Y 

y 

45 

Eskdalemuir 

1909 

-18 

30-1 

+ 69 

38-9 

16835 

+ 45385 



1924 

-16 

1-2 

+ 69 

38-7 

16673 

+ 44938 



1934 

-14 

0*6 

+ 69 

45-9 

16636 

+ 44859 

47 

Meanook 

1916 

+27 

46-7 

+ 77 

65-2 

12944 

+ 60481 



1923 

+27 

23*3 

+77 

532 

12881 

+ 60026 



1933 

+26 

21-9 

+77 

640 

12736 

+ 69411 

48 

Hel 

1934 

- 2 

35-6 

+ 68 

252 

17563 

+ 44384 

50 

Stonyhiirst as 

1890 

-19 

16-2 

+69 

8*4 

17083 




1926 

— 14 

63-4 

+68 

42-2 

17263 

+ 44282 



1935 

-12 

53-2 

+68 

50*7 

17148 

+ 44311 

51 

Wilhelmshaven 

1900 

-12 

27-7 

+67 

44-0 

18096 

+44193 



1931 

- 7 

64-5 

+ 67 

52-6 

17826 

+ 43851 

55a 

Zouy 

1916 

+ 1 

20-7 

+71 

2-5 

19396 

+ 56463 



1929 

+ 0 

20-2 

+ 71 

19-2 

19038 

+ 66310 

54 

Potsdam 

1890 

-10 

48-7 

+ 66 

47*8 

18616 

+43426 



1908 

- 9 

18-0 

+66 

19*3 

18862 

+42990 

54a 

Seddin 

1908 

- 9 

19-2 

+ 66 

16*2 

18890 

+42974 



1931 

- 6 

28-9 

+ 66 

49*8 

18450 

+43106 

54b 

JSfiemegk 

1931 

- 6 

36-2 

+ 66 

41*6 

18626 

+42999 



1936 

- 4 

45-3 

+66 

62*1 

18464 

+43220 

56 

Swider 

1921 

- 3 

303 

+ 66 

34*4 

18712 

+43185 



1933 

- 1 

31-9 

+ 67 

9*3 

18420 

+43724 

57a 

De Bilt 

1900 

-13 

60-6 

+ 66 

67*0 

18508 

+43490 


1 

1926 

-10 

131 

+ 66 

66*6 

18337 

+43040 



1936 

- 8 

21-4 

+ 67 

6*9 

18236 

+43202 

58 

Valencia x 

1899 

-21 

36*0 

+ 68 

33*0 

17739 



(Oahirciveen) 

1924 

-18 

34-9 

+ 68 

0*6 

17854 

+44213 



1934 

-16 

43-7 

+ 67 

67*5 

17812 

+43993 

64 

Greenwich 

1862 

-20 

62-6 

+ 68 

9*6 

17630 

+44030 



1926 

-13 

9-9 

+ 66 

61*4 

18410 

+43080 

64a 

Abinger 

1926 

-13 

22-7 

+ 66 

36*1 

18697 

+ 42946 



1936 

-11 

30-3 

+ 66 

40*9 

18627 

+ 42981 

74 

Janow 

1934 

+ 0 

12-7 

+ 64 

63*9 

20081 

+ 42863 

75a 

Val Joyeux 

1901 

-15 

12-0 

+ 64 

68*9 

19680 

+ 42167 



1926 

-11 

43-8 

+ 64 

39*2 

19650 

+ 41482 



1936 

- 9 

66*7 

+ 64 

46*4 

19647 

+ 41668 

75b 

Chambon-la-For^t 

1936 

- 9 

28*9 

+ 64 

11*3 

20011 

+ 41374 

76a 

Maisach x 

1927 

- 6 

62*5 

+ 63 

32-5 

20314 

+ 40817 



1932 

- 5 

69*3 

+ 63 

39-8 

20299 

+ 41006 

77 

Vienna x 

1931 

- 3 

63*3 

+63 

29*0 

20606 

+ 41099 



1934 

- 3 

25*8 

+63 

34*4 

20601 

+ 41262 

82 

Nantes 

1923 

-13 

23*5 

+ 63 

45-8 

20212 

+41009 



1934 

-11 

22*9 

+ 63 

431 

20245 

+40995 

83 

Toyohara 

1933 

- 8 

36*8 

+60 

41*3 

26036 

+44591 




(T8) 


No. 


Year 

B 

85 

Odessa 

1899 

o / 

- 4 36-7 



* 1925 

- 1 36-4 

87 

Pola 

1900 

~ 9 25-8 



1922 

- 6 28-0 

91a 

Agincourt 

1900 

- 5 28-8 

* 


1923 

- 7 0*9 



1933 

— 7 37-7 

95a 

Elaxsani 

1926 

+ 4 12-3 



1934 

4- 4 26 5 

98 

Tortosa 

1905 

-13 66*9 


(Ebro) 

1924 

-11 20-2 



1934 

- 9 45-5 

99 

Coimbra 

1900 

-17 20-1 



1921 

-15 13-4 



1931 

-13 45-5 

102a 

CheltezLham 

1902 

- 5 6-8 



1925 

- 6 39-2 



1934 

- 7 6-8 

106 

San Miguel x 

1913 

-19 53-2 


(Ponta D^gada) 

1923 

-19 5-5 



1933 

-18 12-5 

107 

Zinsen x 

1926 

- 5 57-8 



1934 

- 6 5-8 

108 

San Fernando 

1900 

-15 59-3 



1924 

-13 23-5 

110a 

KaMoka 

1 1913 

- 5 10*1 



1924 

- 5 31-6 



1934 

- 5 47-1 

109 

! Tsingtau 

1916 

— 4 4*7 


1925 

- 4 22-6 



1935 

- 4 36-6 

115 

Tucson 

1900 

4-13 26*8 



1925 

4-13 46-3 



1935 

4-13 62-2 

116a 

Lukiapang 

1909 

- 2 58-6 


1933 

— 3 35-4 

116& 

Zo-S^ 

1934 

- 8 24-6 

117a 

B^a Bun 

1915 

4- 2 15-5 



1924 

4- 1 34-6 



1934 

4- 1 0-0 

118 

Hdwan 

1907 

- 2 56-7 



1923 

- 1 0-3 



1933 

- 0 0-6 

122a 

Au Tau 

1928 

- 0 43-1 



1934 

- 0 42-3 


Sv 


J 

H 

Z ‘ 

0 / 

Y 

Y 

4-62 18-2 

21869 


4-63 18-9 

21213 

+»42206 

4-60 16-9 

22192 

+38862 

4-60 12-8 

22090 

+38691 

4-74 31-6 

16497 

+59594 

4-74 44-3 

16764 

+67849 

4-74 47-4 

16453 

+56836 

+58 S'O 

24694 

+ 39696 

4-58 40*9 

24674 

+ 40388 

4-68 7-6 

23230 

+ 37369 

4-67 30-5 

23359 

+ 36678 

+ 67 22*7 

23456 

+ 36645 

+ 69 24-3 

22768 

+38606 

+68 19-2 

28110 

+37448 

+67 62-2 

23196 

+36931 

+70 21-9 

20198 

+56612 

+71 0-5 

18870 

+64826 

+71 14-2 

18384 

+64116 

+60 49-6 

23059 

+41283 

+60 11-9 

23204 

+40514 

+59 36-3 

233*74 

+39822 

+63 9-0 

30001 

+40030 

+63 12-7 

30027 

+40166 

+56 9-2aj 

24631 

+36378 


+53 46-8a! 25016 


+49 30-9 

29749 

+34851 

+49 29-6 

29708 

+34774 

+49 29-6 

29720 

+34788 

+52 7-1 

30842 

+ 39644 

+62 5-9 

30831 

+39603 

+62 5-6 

30923 

+39714 

+69 19-6 

27379 

+46160 

+ 69 30-6 

26687 

+46323 

+69 40-4 

26259 

+44889 

+45 34-8 

33199 

+ 33879 

+46 23-7 

83329 

+33791 

+46 30-9 

33254 

+33868 

+44 30-6 

33083 

+32522 

+45 17-0 

32943 

+33270 

+45 39-0 

33087 

+33847 

+40 39-4 

30033 

+26793 

+41 20-2 

29973 

+26366 

+41 49-3 

30180 

+27004 

+30 38-8 

37478 

+22207 

+30 31-6 

37667 

+22146 


S69S.80n 



No. 

Observatory 

Tear 

L 

) 

1 


H 

Z 




0 

/ 

0 

/ 

y 

y 

123 

Honolulu 

1902 

+ 9 

19-1 

+40 

14*5 

29255 

+24768 



1925 

+ 10 

1-8 

+39 

25*9 

28708 

+23607 



1935 

+ 10 

9-7 

+ 39 

io-o 

28534 

+ 23244 

124a 

Teolo3rucan. 

1930 

+ 9 

25-4 

+46 

64*2 

31199 

+ 33343 



1934 

+ 9 

36-1 

+4=7 

7*3 

31017 

+ 33403 

126a 

Alibag 

1904 

+ 1 

9-4 

+22 

54*7 

36882 

+ 15588 



1924 

+ 0 

4*6 

+25 

12*9 

37061 

+ 17453 



1934 

— 0 

16-2 

+26 

29*9 

37462 

+ 17867 

127a 

San. Juan 

1926 

— 4 

21-0 

+52 

10*6 

27743 

+ 35737 



1935 

— 5 

25-0 

+52 

46*7 

27290 

+ 35926 

128 

Antipolo 

1911 

+ 0 

41-3 

+ 16 

18*6 

38072 

+ 11140 



1923 

+ 0 

31-7 

+ 16 

0*0 

38174 

+ 10941 



1933 

+ 0 

30-1 

+ 16 

48*6 

38285 

+ 10841 

1376 

Batavia 

1928 

+ 0 

63-0 

-32 

14-9 

36834 

-23239 


(Kuyper) 

1935 

+ 1 

9*2 

-32 

20*8 

37035 

-23455 

141 

Huancayo 

1926 

+ 7 

54-9 

+ 1 

9*8 

29666 

+ 601 



1936 

+ 7 

11-6 

+ 2 

13*5 

29609 

+ 1150 

142 

Apia 

1905 

+ 9 

37-0 

-29 

11*8 

35675 

-19935 



1924 

+ 10 

19-2 

-30 

7*5 

35249 

—20453 



1934 

+10 

42-2 

-30 

22*4 

35049 

-20541 

144 

Tauanarivo 

1902 

-10 

15-0 

-54 

6*8 

23168 

-32021 



1919 

— 8 

4-6 

-53 

21-2 

22218 

-29866 



1933 

— 8 

20-0 



21386 

-28934 

145 

Mauritius 

1900 

— 9 

29-0 

-54 

11-0 

23826 

-33015 



1928 

— 11 

42-7 

-52 

44*6 

22768 

-29934 



1935 

— 12 

69-6 

-52 

48*6 

22629 

-29690 

146 

Xa Quiaca 

1920 

+ 6 

3-3 

-12 

39*6 

26621 

- 5979 



1923 

+ 5 

40-2 

-12 

29-5 

26605 

— 5881 



1933 

+ 4 

16-7 

-12 

21*2 

26223 

- 5743 

147a 

Yassouras 

1915 

— 10 

28-1 

-14 

44*1 

24700 

- 6496 



1924 

— 11 

63-9 

-16 

6*0 

24371 

- 7034 



1932 

— 12 

67-1 

-17 

20*6 

24072 

- 7518 

148 

Watheroo 

1919 

— 4 

22-8 

-63 

61*4 

24925 

—50780 



1926 

— 4 

17-2 

-64 

10*8 

24680 

-51007 



1936 

- 3 

37*1 

-64 

21*6 

24677 

-51412 

149 

Pilar 

1905 

+ 9 

61*7 

-26 

3-0 

25894 

-12657 



1925 

+ 7 

6*2 

-25 

41*3 

25012 

-12031 



1935 

+ 5 

63*5 

-26 

3*7 

24456 

-11961 

152a 

Toolangi x 

1920 

+ 8 

0*8 

-67 

55-1 

22874 

-56384 



1925 

+ 8 

10*4 

-67 

44*5 

22948 

-56071 


» a? 

1934 

+ 8 

32*3 

-67 

49*2 

22909 

-56193 

154a 

Amberley 

1930 

+ 17 

61*0 

-67 

68*4 

22351 

-55246 



1935 

+ 18 

6*3 

-67 

69-7 

22317 

-55223 


(T 10) 

TABLE C 

TTie coefficients in Schuster^s series which express co^pQ and smp9 in 
terms of the spherical ha/rmonics P^i^) of fixed order m {odd far coBpd^ 

even for sin^j^). 

(See equations 17 (93 and 94).) 



= 1 

p = 3 

p = 5 

II 

p == 9 

971 odd 

odd 

w = 1 

91 =s 2 

4 

6 

8 

+0-8602 

+0-3493 

+0-2286 

+0-1711 

-0*8602 
+ 0*8732 
+ 0*3198 
+ 0*2064 

-1*2224 

+0*9696 

+0*3227 

-1*6078 
+ 1*0488 

-1*7480 

CO 

II 

9t = 4 

6 

8 

+0*9241 

+0-6602 

+0-4986 

-1*3861 
+ 0*2167 
+ 0*3324 

+0*4620 

-1*6617 

-0*1108 

+0*7947 

-1*8002 

+ 1*0801 

m = 6 

n== 6 

8 

+0-9280 

+0-7736 

-1*6704 

-0*3094 

+0*9280 

-1*6470 

—0*1866 
+ 1*4696 

-0-3867 

m =* 7 

n = 8 

+09162 

-1*8304 

+1-3074 

-0*4676 

+ 0-0664 


EaxmpU: cos 60 = -l*2224Pi+0*9696P5+-0-3227Pj-i-... 


^n,p 

p zst 0 


p = 4 

p = 6 

^3 = 8 

modd 

p eoen 

m = 1 

n = 1 

3 

5 

7 

+ 1-1781 
+ 0-4208 
+0-2614 
+ 0-1902 

-0*6890 
+0*8417 
+0*3268 
+ 0*2131 

-1*0621 

+0-9149 

+0-3196 

-1*3724 
+ 1*0046 

-1*6323 

971 =5 3 

w — 3 

6 

7 

+ 1*6299 
+ 0-8471 
+ 0*6931 

-1*0866 

+0*4941 

+0*4746 

+0-2716 

-1*6629 

+0*0264 

+ 0*6363 
-1*7398 

+0*9424 

9M = 6 

w — 6 

7 

+ 1*8941 
+ 1-0929 

-1*4206 

+0*1749 

+0-6682 

-1-6612 

-0-0947 
+ 1-2240 

-0*2841 

971 = 7 

n = 7 

+ 2*0861 

-1-6680 

+0-8340 

-0-2383 

+0*0298 


BxampU: oos40 = -l-0621Pi-f 0*9149Pj-h0'3196P5;-i-... 


3fidS.30n 


3p2 













(Til) 


lijm 

^n,p 

53 = 1 

p= 3 

p = 5 

y = 7 

p = 9 

m even 

p odd 

in 0 

n = 0 

2 

4 

6 

8 

+0*7864 

-0*4909 

-0*1104 

-0*0498 

-0*0285 

+1*4726 
-0*8284 
-0*2094 
-0*1027 

+ 1*9328 
-1*0469 
-0*2689 

+ 2*3033 
-1*2236 

+2-6220 

m — 2 

n = 2 

4 

6 

8 

+ 1*2763 
+0*2470 
+0*1084 
+0*0614 

-0*4251 
+1-3583 
+ 0*3974 
+ 0*2046 

-0*8644 
+ 1*4088 
+ 0*4600 

-1*1921 
+ 1*4625 

-1*4625 

= 4 

91 = 4 

6 

8 

+ 1*6335 
+0*6936 
+0*3218 

-0*8168 
+ 1*2267 
+ 0*8162 

+ 0*1634 
-1*4641 
+ 0*7294 

+0-4353 

-1-8128 

+0-6972 

w = 6 

9i = 6 

8 

+ 1*8763 
+0*8356 

-1*1262 
+ 1*0026 

+ 0*3760 
-1*7664 

-0*0536 

+0*9429 

-0*1790 

m = 8 

91 = 8 

+2*0592 

-1*3728 

+ 0*5884 

-0*1471 

+0*0163 


Example: sia59 = l-9328Pi-l-0469J>g-0-2689P§-... 


»ip 

53 = 2 

P = 4: 

p — Q 

59 = 8 

m even 

p even 

m = 0 

n^l 

3 

6 

7 

+ 1*1781 
-0*6872 
-0*1687 
-0*0805 

+ 1*7181 
-0*9449 
-0*2416 

+2*1261 

-1*1390 

+ 2*4678 

m = 2 

n — Z 

6 

7 

+ 1*3308 
+0*3468 
+0*1678 

-0*6654 
+ 1*3832 
+ 0*4287 

-1*0374 
+ 1*4353 

-1*3328 

971 = 4 

91 = 6 

7 

+ 1*4974 
+0*7869 

-1*1979 
+ 0*9617 

+ 0*2995 
-1*6612 

+0-6683 

991 = 6 

91 = 7 

+1*6603 

-1*6603 

+ 0*6687 

-0*1114 


Example; Bin 60 = 2-1261P5—1T390P5+... 
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TABLE D 

The roofs On-m associated spherical hamwnie function 

P^{e) = 0, and the numerical factors p^ in the expression 

P^(0) = 

(After Adolf Schmidt. See Ch. XVH, formiala (27 b).) 

PJ = cos 9. 

PJ = sin^. 

Pl...pl= 1-5000; logfS = 0-17609. 

di = 54° 44-1', = 125° 15-9'. 

PJ = 1-7321 sin 0 cos fl. 

= 0-86603 

PS...i)S = 2-6000; logfS = 0-39794. 

9^ = 39° 13-9', = 90°, 6, = 140° 46-1'. 

PJ...j)J = 3-0619; logjjJ = 0-48699. 

9^ = 63° 26-1', e, = 116° 33-9'. 

FI = 1-9365 sin’ff COB 0. 
i» = 0-79067 sin»fl. 

Pa...P i = 4-3760 ; logpl — 0-64098. 

6, = 30° 33-3', fl, = 70° 7-6', 6, = 109° 62-6', 6, = 149° 26-7'. 

Pi-P\ = 6-6340; logj)i = 0-74304. 

e, = 49° 6-4', 9., = 90°, 9, = 130° 53-6'. 

Fl...p\ = 3-9131; logj)2 = 0-69252. 

= 67° 47-6', fla = 112° 12-6'. 

P» = 2-09178^00080. 

PJ = 0-73961 sin^0. 

PIl...t)J = 7-8760; logo} == 0-89625. 

0l = 26° 1-0', 0a = 67° 26-2', 0, = 90°, 0« = 122° 34-8', 0, = 164° 69-0. 
Pi...p\ = 10-1666; logjJi = 1-00717. 

01 = 40° 6-3', 0s = 73° 26-6', 9^ = 106° 34-4', 0* = 139° 64-7 . 

Pi...vl = 7-6862; logpj = 0-88566. 

01 = 64° 44-1', 0a = 90°, 0, = 126° 15-9'. 

= 4-7062; logp5 = 0-67267. 

01 = 70° 31-7', 0a = 109° 28-3'. 

P{ = 2-2186 sm*0 cos 0. 

P> = 0-70166 sin''0. 

Pl...p% <= 14-4376; logpS = 1-16949. 

01 =21° 10-6', 0a = 48° 36-6', 0, = 76° 11-7', 

0, = 103° 48-3', 0. = 131° 23-5', 0. = 168° 49-4'. 
pi _ 18-9031: logPa — 1-27663. 

01 = 33° 62-7', 0a = 62° 2-4', 0, = 90°, 04 = 117° 67-6', 9, = 146° 7-3'. 

Fi...vli = 14-9442; log®* = 1-17447. 

01 = 46° 69-6', 0a = 76° 29-4', 0* = 104° 30-6', 04 = 134° 0-4'. 
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Pl...pl = 9-9628; logp? = 0-99838. 

= 68° 31-1', 0a = 90°, 0s = 121° 28-9'. 

Pt...pt = 6-4669; logp^ = 0-73694. 

01 = 72° 27-1', 0a = 107° 32-9'. 

Ps = 2-3268 sin®0 cos 0. 

P? = 0-67169 sin«0. 

P?...i)? = 26-8126; log^i? = 1-42834. 

01 = 18° 21-6', 0a = 42° 8-3', 03 = 66° 3-4', 9, = 90°, 

05 = 113° 56-6', 08 = 137° 61-7', 0, = 161° 38-5'. 
PJ...p5 = 35-4696; logpl = 1-64986. 

01 == 29° 20-3', 0a = 53° 43-3', 0, = 77° 65-1', 

04 = 102° 4-9', 05 = 126° 16-7', 0e = 150° 39-7'. 
P?...i>? = 28-9608; logp^ = 1-46181. 

0i = 39° 41-7', 0a = 65° 6-5', 03 = 90°, 

04 = 114° 63-5', 08 = 140° 18-3'. 

P?...p? = 20-4784; logj)| = 1-31130. 

01 = 60° 9-6', 02 = 76° 56-0', 0* = 103° 4-0', 04 = 129° 50-4' 
= 12-3489; logjjJ = 1-09163. 

01 = 61° 17-4', 0a = 90°, 03 == 118° 42-6'. 

P?...i)? = 6-1745; logp? = 0-79060. 

01 = 73° 53-9', 0a = 106° 6-1'. 

P| = 2-42188in«0cos0. 

P? = 0-64726 am’0. 



(TW) 


TABLE E 

Thi u-meamre of magnetic aciivity. MorOMy and anmud means 

1872-1938 

(The values for 1937 and 1938 are provisional.) u is the average change 
firom day to day, taken mthout sign, of the horizontal intensity at the earth’s 
magnetic equator, expressed in the unit 10 y (= 0-0001P). 

Approximate annual means for years prior to 1872 may be taken from 
Big. 11.6. 



















( T 16) 

TABLE E { continued ) 


Year 

Jan . 

Feb . 

Mar . 

Apr . 

May 

June 

July 

Aug . 

Sept . 

Oct . 

Nov . 

Dec . 


1911 

•63 

•54 

•70 

•78 

•89 

•60 

•66 

■59 

•61 

•69 

•53 

■85 

•66 

1912 

■46 

•46 

•56 

•67 

•63 

•45 

•57 

•63 

•64 

•55 

•75 

■47 

•56 

1913 

•54 

•48 

•61 

•56 

•45 

•46 

•38 

•45 

•64 

•58 

•39 

■41 

■48 

1914 

•46 

•49 

•46 

•73 

•64 

•47 

•68 

•50 

•77 

•67 

•66 

•60 

•58 

1915 

•59 

•70 

•80 

•78 

•67 

1-30 

•74 

•66 

•82 

1-37 

M 9 

•87 

•87 

1916 

•76 

•59 

1-42 

1-22 

•84 

•79 

*73 

1-37 

•95 

•94 

•71 

•54 

•90 

1917 

M 2 

-87 

•86 

1-03 

•84 

1-08 

1*33 

2-37 

1*04 

1-20 

•83 

1-06 

114 

1918 

•74 

1-23 

1-21 

1-49 

1-06 

•92 

•75 

1-11 

1-06 

1-51 

1-21 

1*54 

116 

1919 

I'Ol 

1-04 

1-22 

•97 

1-52 

1-00 

-91 

1-47 

1-64 

1-55 

1-32 

MO 

1-23 


•84 

1-00 

2-64 

1-20 

Ml 

•85 

•90 

1-03 

1-32 

•99 

•92 

•94 

114 

1921 

•69 

-83 

•90 

M 3 

2-70 

•80 

•64 

•76 

•77 

•92 

•88 

•75 

•98 


•74 

•86 

1-09 

•80 

•67 

•63 

•60 

•61 

•99 

•76 

•54 

•54 

•74 


•60 

•68 

•80 

•51 

•63 

•64 

•68 

•56 

•83 

•77 

•70 

■51 

•66 

1924 

•83 

•67 

•57 

-55 

•98 

1-00 

•70 

•54 

■87 

•78 

•91 

•66 

1 -74 

1925 

-64 

•72 

•66 

•62 

•92 

•78 

•70 

•84 

1-14 

112 

•84 

1-08 

•84 


1-41 

1-41 

134 

1*43 

•89 

1*12 

•78 

•76 

1-46 

1-73 

•84 

1-03 

1-18 

1927 

1-08 

•84 

1-16 

1-37 

100 

•63 

•88 

1-05 

•70 

1-69 

• S 3 

•95 

101 

1928 

-58 

•58 

•83 

•64 

1-26 

•78 

1-79 

1-01 

1-27 

1-38 

1-02 

•72 

•99 

1929 

-84 

1-60 

1*66 

•82 

•85 

•80 

•99 

1-01 

•89 

1-00 

1-01 

1*21 

105 


•79 

•82 

•88 

•84 

113 

1-01 

•70 

•77 

1^43 

1-31 

1-01 

1*25 

1-00 

1931 

•58 

•71 

•63 

•71 

•76 

•85 

•56 

•67 

•88 

1-06 1 

•80 

•51 

•73 

1932 

•64 

•59 

•88 

•68 

•94 

•65 

•63 

•67 

•71 

•81 

•59 

•73 

•70 

1933 

•68 

•63 

•68 

•48 1 

•96 

•61 

•56 

•81 

•88 

•61 

•51 

•64 

•67 

1934 

•61 1 

•67 

•81 

•68 

•86 

•68 

•61 

•59 

•76 

-63 

•56 

•75 

•67 


•73 

•97 

•69 

•65 

•76 

•79 

•79 

•60 

1-00 

•93 

•77 

•70 

•78 

1936 

•76 

•79 

•71 

•94 

•82 

1-10 

116 

•73 

•79 

1-13 

1-32 

•98 

•94 

1937 

-93 

1-06 

1-48 

1-88 

■1-69 

1-58 

1-64 

1-62 

•99 

1-74 

•87 

1-20 

1-38 

1938 

1939 

1940 

1941 

1942 

1943 

1944 

1945 

1946 

1947 

1948 

1949 
1960 

2-74 

•64 

112 

2-15 

1-17 

•94 

1-74 

1-66 

1'46 

•76 

1-31 

1-21 

1^49 

1-46 

111 

1-38 

1-41 
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TABLE F 
Sunspot data 

(a) Zurich Relative Siinspot-mimbers for the whole disk, MmtMy and 
annual means 1872-1938 


(After Wolf, Wolfer, and Brumner [6.5]. See also Fig. 11.6.) 


Year 

Jan. 

Fe6. 

Mar. 

Apr, 

May 

Jime 

July 

Aug, 

fSept. 

Oct. 

N'ov. 

Dec, 

Mean 

1872 

80 

120 

88 

102 

108 

110 

106 

93 

116 

104 

112 

84 

102 

1873 

87 

107 

98 

76 

48 

45 

67 

68 

48 

47 

65 

49 

66 

1874 

61 

64 

46 

32 

45 

38 

68 

61 

28 

34 

29 

29 

46 

1876 

16 

22 

34 

29 

12 

24 

12 

16 

2 

13 

18 

10 

17 

1876 

14 

16 

31 

2 

6 

2 

15 

9 

10 

14 

10 

8 

11 

1877 

24 

9 

12 

16 

21 

13 

6 

6 

16 

7 

14 

2 

12 

1878 

3 

6 

8 

0 

6 

6 

0 

0 

6 

1 

4 

0 

3 

1879 

1 

1 

0 

6 

2 

5 

8 

11 

6 

12 

13 

7 

6 

1880 

24 

28 

20 

19 

24 

34 

22 

48 

66 

43 

31 

30 

32 

1881 

36 

63 

62 

52 

44 

60 

77 

58 

53 

64 

66 

47 

54 

1882 

46 

69 

68 

96 

64 

45 

46 

40 

58 

69 

84 

42 

60 

1883 

61 

47 

43 

82 

32 

76 

81 

46 

53 

84 

84 

76 

64 

1884 

92 

87 

87 

76 

66 

61 

63 

56 

62 

48 

37 

47 

64 

1886 

43 

72 

60 

66 

73 

84 

66 

50 

40 

39 

33 

22 

62 

1886 

30 

26 

67 

44 

31 

27 

30 

17 

21 

9 

0 

12 

25 

1887 

10 

13 

4 

7 

20 

16 

23 

21 

7 

7 

7 

21 

13 

1888 

13 

7 

8 

5 

7 

7 

3 

3 

9 

2 

11 

7 

7 

1889 

1 

8 

7 

4 

2 

6 

10 

21 

6 

2 

0 

7 

6 

1890 

6 

1 

6 

2 

6 

1 

12 

8 

17 

11 

10 

8 

7 

1891 

14 

22 

10 

20 

41 

48 

59 

33 

54 

62 

42 

32 

36 

1892 

69 

76 

60 

70 

80 

76 

77 

101 

63 

70 

66 

79 

73 

1893 

76 

73 

66 

88 

85 

88 

89 

129 

78 

80 

76 

94 

85 

1894 

83 

86 

62 

82 

101 

99 

106 

70 

66 

76 

67 

60 

78 

1896 

63 

67 

61 

77 

68 

72 

48 

69 

68 

68 

47 

71 

'64 

1896 

29 

67 

62 

44 

28 

49 

46 

27 

61 

28 

38 

43 

42 

1897 

41 

29 

29 

31 

20 

11 

28 

22 

48 

14 

8 

33 

26 

1898 

30 

36 

38 

14 

26 

22 

9 

31 

36 

34 

31 

13 

27 

1899 

20 

9 

18 

14 

8 

20 

14 

3 

8 

13 

8 

l6 

. 12 

1900 

9 

14 

9 

16 

16 

12 

8 

4 

8 

13 

4 

0 

10 

1901 

0 

2 

4 

0 

10 

6 

1 

1 

1 

4 

4 

0 

3 

1902 

6 

0 

12 

0 

3 

1 

1 

2 

8 

16 

10 

1 

6 

1903 

8 

17 

14 

26 

16 

16 

28 

29 

11 

39 

44 

46 

24 

1904 

32 

24 

37 

43 

40 

42 

61 

68 

30 

54 

38 

65 

42 

1906 

66 

86 

66 

39 

48 

49 

73 

69 

66 

79 

107 

66 

64 

1906 

46 

31 

64 

66 

58 

63 

104 

48 

66 

18 

39 

65 

54 

1907 

76 

108 

61 

63 

43 

40 

60 

64 

86 

65 

62 

* 47 

62 

1908 

39 

34 

29 

68 

41 

48 

40 

90 

87 

32 

46 

40 

48 

1909 

67 

47 

66 

32 

36 

23 

36 

23 

39 

58 

66 

54 

44 

1910 

26 

32 

21 

8 

22 

12 

14 

12 

26 

38 

5 

6 

19 


(T17) 

TABLE F {eontinued) 


Year 

Jan. 

Feb. . 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

1911 

3 

9 

8 

16 

9 

2 

4 

4 

4 

3 

4 

2 

6 

1912 

0 

0 

6 

4 

4 

4 

3 

0 

10 

5 

1 

6 

4 

1913 

2 

3 

0 

1 

0 

0 

2 

0 

1 

3 

1 

4 

1 

1914 

3 

3 

3 

17 

5 

11 

6 

8 

13 

8 

16 

22 

10 

1916 

23 

42 

39 

41 

33 

69 

72 

70 

60 

54 

42 

34 

47 

1916 

45 

66 

67 

72 

74 

68 

64 

35 

45 

61 

66 

63 

57 

1917 

75 

72 

95 

75 

114 

115 

120 

164 

129 

72 

96 

129 

104 

1918 

96 

66 

72 

80 

77 

69 

108 

102 

80 

85 

83 

69 

81 

1919 

48 

80 

66 

62 

88 

111 

66 

69 

65 

63 

42 

35 

64 

1920 

61 

64 

70 

16 

33 

39 

28 

19 

36 

60 

27 

30 

38 

1921 

32 

28 

27 

32 

22 

34 

42 

23 

18 

18 

18 

20 

26 

1922 

12 

26 

66 

11 

8 

6 

11 

6 

5 

6 

7 

18 

14 

1923 

4 

2 

3 

6 

3 

9 

4 

0 

13 

12 

10 

3 

6 

1924 

0 

6 

2 

11 

21 

24 

28 

19 

25 

26 

22 

16 

17 

1925 

6 

23 

18 

32 

43 

48 

38 

38 

60 

69 

59 

99 

44 

1926 

72 

70 

62 

38 

64 

74 

62 

62 

61 

72 

60 

79 

64 

1927 

82 

93 

70 

94 

79 

59 

66 

64 

68 

63 

67 

45 

69 

1928 

84 

74 

86 

81 

77 

91 

98 

84 

90 

61 

60 

69 

78 

1929 

69 

64 

60 

63 

68 

72 

70 

66 

34 

54 

81 

108 

65 

1930 

65 

49 

36 

38 

37 

29 

22 

26 

32 

34 

36 

26 

36 

1931 

15 

43 

30 

31 

25 

16 

17 

13 

19 

10 

19 

18 

21 

1932 

12 

11 

11 

11 

18 ' 

22 

10 

7 

4 

9 

8 

11 

11 

1933 

12 

22 

10 

3 

3 

6 

3 

0 

6 

3 

1 

0 

6 

1934 

3 

8 

4 

11 

20 

7 

9 

8 

4 

6 

9 

15 

9 

1935 

19 

20 1 

23 

12 

27 

46 

34 

30 

42 

63 

64 

62 

36 

1936 

63 

74 

77 

76 

55 

70 

62 

87 

76 

89 

116 

123 

80 

1937 

132 

128 

84 

109 

117 

130 

146 

138 

101 

125 

74 

89 

114 

1938 

1939 

1940 

1941 

1942 

1943 

1944 

1945 

1946 

1947 

1948 
■ 1949 

1960 

98 

119 

86 

101 

127 

98 

165 

116 

90 

99 

122 

93 

110 


(T 18) 

TABLE B {continued) 

(5) Epochs of sunspot maxima and minima^ given to tenths of a year, and the 
relative sunspot-number for the interval of twelve months centred at that epoch 

(wAfter Wolfer and Brunner.) 


1784'7 

10 

1843-5 

10 

1901-7 

3 

1788-1 

141 

1848-1 

132 

1907-0 

64 

1798-3 

3 

1866-0 

3 

1913-6 

1 

1806-2 

49 

1860-1 

98 

1917-6 

106 

1810-6 

0 

1867-2 

6 

1923-6 

6 

1816-4 

49 

1870-6 

140 

1928-4 

78 

1823-3 

0 

1878-9 

2 

1933-8 

3 

1829-9 

72 

1883-9 

76 

19374 

119 

1833-9 

7 

1889-6 

6 



1837-2 

147 

1894-1 

88 




(c) The annual number (F) of days free from sunspots^ and the annual mean 
distance of spots from the solar equator^ according to the Greenwich observations 



P 

diet. 


F 

disU 


F 

dist. 

1890 


22-0 

1910 

66 

lo'’-6 

1930 

4 

o - 

9-9 

91 

... 

20-3 

11 

183 

6-5 

31 

42 

8-3 

92 


184 

12 

246 

8-1 

32 

92 

8-3 

93 


14-5 

13 

311 

23-2 

33 

234 

10-6 

94 

0 

14-2 

14 

143 

21-8 

34 

146 

4-1 

96 

0 

13-5 

16 

6 

18-8 

36 

21 

23-3 

96 

8 

14-3 

16 

3 

16-8 

36 

0 

20-4 

97 

32 

8-0 

17 

0 

14-6 

37 

0 

17-02 

98 

48 

10-6 

18 

0 

12-8 

38 

0 


99 

. 123 

9-5 

19 

0 

10-8 




1900 

191 

7-7 

1920 

0 

10-4 

Tor 1934 the Green- 

01 

289 

10-4 

21 

4 

7-9 

vtdoli record gives the 

02 

248 

17-6 

22 

31 

8-0 

mean 

distance of the 

03 

66 

19-9 

23 

109 

16-3 

spots separately for 

04 

0 

16-6 

24 

171 

22-7 

those of the old cycle. 

05 

2 

13-1 

26 

97 

20-2 

4-r, 

and for 

those 

06 

6 

14-0 

26 

19 

18-7 

of the new 

cycle. 

07 

1 

12-1 

27 

2 

16-0 

27-6°. 



08 

6 

10-4 

28 

0 

13-6 




09 

6 

9-7 

29 

0 

10-6 





COEEIGENDA, pp, T 19-T 77 

‘PageT19. line 11, insert 407; lines 13, 14, deUto from A to month; line 15, for J reodl; lines 17-19, 
replace last sentence by The decimal point of each International magnetic charp,cter figure (p. 196) is 
omitted, thus multiplying them by 10. , ^ ^ ^ 

Pages T 81-77, Table J. The heading ‘Sunspots/5' printed at the lower left-hand comer of these pages 
(odd numbers) should be deleted. ^ . 

AddHicnal Note to Tables r, J. Some idea of the time-pattern of solar and geomagnetic disturbance is 
given by mere inspection of these tables, since the print Is more dense where the numbers are largest, 
particularly where they have two digits instead of only one. 




(T 1^) 


Table G. International quiet days, 1884-1937 {lejt pages). 

Table H. International disturbed days, 1884-1937 (right pages). 

These are the dates of the Greenwich days (midnight to midnight) selected 
internationally as being the five quietest and the five most disturbed days 
in each calendar month. 

Table I. The daily relative sunspot numbers for the whole disk, divided 
by 5; 1890-1937 (left pages). 

Tabled. The daily international magnetic character-figures, multiplied 
by 10; 1890-1937 (right pages). 

These tables give the values for each day, 1890-1937, arranged in solar 
‘rotations’ (see Ch. XII, p. ), i.e. rows of 27 days each, with the number 
of the rotation, and the date of the first day, given at the left of each row. 
A small mark separates the value for the last day of a calendar month from 
the first day of the next month. The Zurich sunspot-numbers (see p. 176) 
are divided by 5; more exactly, a figure 0 in our table J means sunspot- 
numbers 0, a figure 1 may signify sunspot-numbers 1, 2, 3, 4 or 5, a figure 2 
may signify sunspot-numbers 6, 7, 8,9, 10, etc. The international magnetic 
character-figures (see p. 196) are unchanged, only the decimal point has been 
omitted. 



(TZO) 


ran.. 

?ebr. 

larcb 

Ipril 

May 

June 

July 

tug. 

Sept. 

Oct. 

Mov. 

Deo. 


Jan. 

Febr. 

March 

April 

May 

June 

July 

Aug. 

Sept. 

Oot. 

Hot. 

Dee. 


Jan. 

Febr. 

March 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Hot. 

Bee. 


Table G. Quiet Bays 


1884 

I 6 14 24 31 
10 12 13 14 15 
10 11 12 13 18 

5 8 9 23 30 

4 5 17 21 29 

8 16 21 26 27 

10 17 18 21 22 
4 5 17 28 30 

9 16 24 25 27 

II 12 22 23 31 
15 16 21 22 26 

4 5 6 10 13 

1888 

3 ■ 5 10 20 30 

I 2 6 15 27 

3 5 6 25 26 

1 10 21 22 23 

5 6 14 15 25 

1 9 11 14 17 

6 12 13 26 27 

9 15 23 28 29 

4 5 6 11 23 

3 15 16 28 29 
13 14 22 23 24 

II 20 21 22 28 

1892 

2 9 14 25 27 

10 11 17 22 23 
17 19 20 22 23 

16 17 19 20 21 
12 13 15 23 26 

11 12 13 14 15 

5 6 7 20 23 

2 14 15 19 28 
5 9 18 19 25 

9 25 26 28 29 
8 11 12 13 20 
2 3 9 10 20 


1885 

1 5 14 15 26 

1 20 24 25 26 
9 18 19 26 30 

5 6 22 23 50 

1 9 21 22 23 

3 6 7 29 30 

2 3 20 23 24 

13 14 23 24 25 
11 13 20 21 29 

4 5 6 21 26 

4 16 17 21 30 

4 11 12 24 25 

1889 

3 16 17 18 27 
2 9 10 11 12 

3 9 10 11 19 

5 6 11 15 16 

2 8 11 15 16 
5 7 12 18 27 

9 10 12 16 22 

4 5 6 18 19 

5 14 15 20 28 

11 12 24 29 30 
8 13 14 20 23 
5 10 11 12 18 

1893 

15 16 17 25 27 
1 13 23 24 26 
18 19 20 21 22 

4 9 21 22 23 

I 2 22 28 29 
8 13 17 23 24 

5 6 9 30 31 

1 17 24 27 28 
4 7 22 23 24 

19 20 21 22 23 

II 15 16 20 21 
7 17 18 21 22 


1884 - 1895 


1886 

6 12 13 17 13 
9 13 14 26 28 

1 2 5 9 14 

3 8 9 10 24 

5 7 25 30 31 

1 2 3 11 20 

7 8 13 25 26 

9 10 22 29 30 

2 25 26 27 28 

4 5 16 24 25 

1 10 22 27 28 

10 12 20 25 31 

1890 

2 8 9 27 31 

7 10 23 25 28 

2 27 28 29 30 

3 4 10 18 26 
2 27 28 29 30 

8 14 16 26 27- 

2 14 16 27 28 

5 11 12 13 30 

1 8 9 23 27 

2 4 7 23 29 

3 5 6 28 29 

4 16 18 19 27 

1894 

8 15 16 17 20 
1 8 10 11 13 

5 7 13 27 28 

3 4 9 11 23 

10 11 12 25 26 

5 6 7 24 26 

7 10 11 14 26 
1 2 17 18 31 

3 4 6 15 26 

10 11 12 15 23 

4 5 6 21 22 

3 4 11 25 26 


1887 

1 2 9 10 21 
6 8 17 18 26 
3 18 29 30 31 

1 13 19 26 27 

9 10 20 21 29 
3 14 15 16 28 

3 22 26 23 29 
11 12 19 20 23 

5 6 7 8 20 

3 4 20 21 29 

7 15 16 25 26 

4 10 11 15 24 

1891 

4 7 8 26 31 

3 4 20 21 28 
1 10 11 28 29 

6 19 26 27 30 

1 2 23 24 25 

10 12 13 28 29 

9' 12 19 22 31 
6 7 23 24 25 

6 7 18 20 25 

6 15 16 17 22 

2 6 7 9 30 

1 17 18 24 27 

1895 

13 14 27 28 31 

4 22 25 26 27 

11 12 21 24 29 

8 22 28 29 30 
4 12 16 25 26 
8 13 14 20 25 

7 10 18 19 25 

3 4 7 22 27 

2 7 8 11 28 

3 10 22 24 25 
6 7 18 19 21 
6 16 28 29 31 


(T21) 


TaTple H. Listur'bed Days, 1884 - 1895 




1884 



1885 



1886 



1887 


Jajn. 

11 

12 

19 

25 

26 

2 

9 

22 

25 

30 

4 

9 

10 

19 

30 

14 

15 

16 

23 

25 

Febr, 

2 

23 

24 

25 

29 

5 

10 

12 

27 

28 

5 

11 

16 

19 

22 

12 

13 

14 

20 

21 

March 

1 

2 

3 

20 

29 

1 

13 

14 

15 

16 

19 

20 

23 

30 

31 

6 

9 

15 

20 

21 

April 

10 

11 

18 

24 

25 

3 

13 

15 

27 

28 

12 

13 

14 

15 

18 

5 

6 

7 

11 

28 

May 

1 

10 

11 

12 

22 

13 

25 

26 

27 

28 

8 

9 

10 

11 

18 

2 

3 

12 

13 

24 

June 

2 

19 

22 

23 

24 

4 

20 

22 

25 

26 

5 

12 

22 

29 

30 

5 

10 

19 

21 

22 

July 

2 

3 

4 

14 

26 

1 

6 

17 

18 

25 

1 

20 

21 

27 

28 

7 

8 

11 

19 

20 

Aug. 

8 

9 

10 

21 

22 

1 

2 

7 

28 

29 

12 

14 

16 

17 

24 

1 

2 

3 

5 

29 

Sept. 

11 

14 

17 

18 

19 

4 

5 

15 

16 

23 

9 

10 

11 

12 

21 

10 

25 

26 

27 

28 

Oct. 

2 

3 

7 

14 

29 

13 

15 

16 

22 

23 

6 

7 

8 

9 

10 

22 

23 

26 

27 

30 

Mov. 

2 

3 

4 

23 

28 

7 

8 

10 

11 

18 

3 

4 

5 

6 

30 

10 

20 

21 

22 

29 

Dec. 

14 

15 

20 

23 

28 

1 

6 

7 

8 

28 

1 

2 

26 

27 

29 

16 

17 

18 

21 

22 



1888 



1889 



1890 



1891 


Jan. 

8 

13 

14 

23 

24 

7 

11 

20 

21 

22 

3 

11 

18 

20 

21 

16 

17 

18 

19 

24 

Pehr. 

9 

10 

11 

19 

21 

3 

a 

17 

18 

27 

3 

15 

18 

19 

20 

11 

12 

13 

14 

15 

March 

9 

15 

16 

17 

18 

1 

6 

17 

28 

29 

11 

12 

16 

17 

18 

2 

3 

5 

24 

31 

April 

4 

5 

11 

12 

13 

3 

8 

9 

25 

28 

1 

7 

22 

25 

30 

7 

8 

9 

12 

17 

May 

7 

8 

10 

20 

21 

4 

5 

22 

26 

31 

4 

5 

6 

17 

25 

4 

13 

14 

15 

16 

June 

3 

4 

5 

22 

23 

9 

14 

21 

22 

28 

2 

4 

5 

21 

22 

5 

14 

15 

20 

27 

July 

1 

20 

22 

28 

29 

1 

6 

17 

18 

19 

6 

17 

18 

19 

20 

4 

6 

7 

17 

24 

Aug. 

3 

4 

16 

17 

18 

13 

20 

26 

27 

28 

14 

15 

16 

17 

18 

2 

3 

19 

29 

30 

Sept. 

13 

14 

15 

27 

28 

9 

10 

11 

22 

25 

11 

12 

15 

16 

20 

9 

10 

11 

12 

28 

Oct. 

5 

19 

20 

21 

31 

5 

6 

7 

20 

21 

6 

10 

15 

18 

19 

8 

23 

24 

25 

26 

Nov. 

11 

16 

17 

18 

28 

1 

2 

26 

27 

28 

8 

9 

13 

14 

15 

15 

16 

17 

20 

21 

Deo. 

8 

14 

15 

24 

26 

6 

7 

20 

22 

27 

5 

21 

22 

25 

28 

7 

8 

9 

22 

30 



1892 



1893 



1894 



1895 


Jan. 

4 

5 

6 

17 

29 

5 

9 

21 

22 

29 

3 

4 

11 

12 

13 

1 

6 

17 

18 

19 

Pehr. 

13 

14 

20 

21 

27 

4 

5 

14 

16 

17 

21 

23 

24 

25 

28 

9 

10 

15 

16 

24 

March 

1 

6 

7 

•11 

12 

14 

15 

25 

26 

28 

1 

21 

22 

30 

31 

8 

9 

13 

14 

22 

April 

9 

24 

25 

26 

27 

12 

13 

26 

27 

28 

6 

13 

17 

18 

19 

5 

6 

11 

12 

23 

May 

1 

2 

8 

18 

19 

7 

8 

9 

18 

30 

1 

14 

15 

28 

31 

2 

10 

28 

29 

30 

Juno 

2 

3 

16 

27 

28 

9 

18 

19 

28 

29 

9 

10 

11 

17 

21 

2 

3 

4 

17 

30 

July 

12 

14 

16 

17 

26 

14 

15 

16 

21 

22 

2 

18 

19 

20 

21 

1 

13 

14 

15 

27 

Aug. 

3 

4 

12 

25 

26 

6 

7 

12 

13 

18 

15 

14 

15 

20 

21 

9 

10 

11 

18 

23 

Sept. 

11 

13 

16 

21 

22 

5 

8 

9 

26 

30 

14 

15 

19 

20 

21 

4 

5 

15 

19 

20 

Oct. 

12 

15 

16 

18 

19 

2 

10 

25 

26 

29 

5 

16 

17 

25 

31 

12 

13 

14 

17 

-27 

Nov, 

4 

5 

17 

18 

24 

1 

2 

3 

27 

28 

13 

14 

17 

18 

23 

9 

10 

11 

23 

24 

Dec. 

4 

5 

13 

23 

24 

5 

6 

24 

25 

30 

5 

13 

15 

21 

22 

7 

8 

9 

21 

24 
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Jan. 

FelDr. 

Maxell 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov- 

Dec. 


Jan. 

Pe’br. 

March 

April 

May 

Jime 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 


Jan. 
Pebr. 
March 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 
Nov. 
Dec. 


Table 0. Quiet Days, 1396 - 1907 


1896 

1 2 25 26 28 
7 20 22 23 24 
17 13 19 21 24 

7 14 16 20 30 
5 26 27 28 31 

I 7 20 23 24 

9 17 19 28 31 

5 13 16 27 28 

1 9 11 27 28 

6 7 26 27 28 

2 3 22 24 25 

8 12 18 19 20 

1900 

3 7 8 9 50 

6 7 13 18 19 
5 11 21 27 28 

2 3 19 22 28 
9 10 15 16 27 

II 15 16 22 26 

1 3 9 13 15 

5 6 10 23 24 

7 11 12 21 25 

1 2 15 19 51 

5 7 10 11 30 

5 6 20 21 23 

1904 

13 14 19 20 23 
18 20 21 27 28 

6 15 16 17 22 

14 16 23 27 28 

5 7 9 10 25 

5 13 24 29 30 

4 11 12 21 25 
24 25 26 27 28 
13 19 20 21 27 

4 12 17 18 24 
9 -12 13 19 20 
8 12 13 23 24 


1897 

6 9 20 21 22 
2 16 17 18 19 
16 18 20 21 26 

3 11 12 15 22 
8 9 26 27 28 

6 9 10 24 30 

5 13 18 26 29 

4 5 6 7 24 

2 8 19 26 28 

8 13 14 20 21 

7 8 12 23 30 

8 13 26 27 28 

1901 

12 13 16 19 20 

11 15 16 27 28 

5 10 15 16 28 

9 12 20 21 25 
5 13 16 17 22 
5 25 26 27 28 

3 21 28 29 30 

12 13 19 24 28 

7 8 19 20 25 

2 3 25 30 51 

13 15 25 29 30 

14 15 16 17 23 

1905 

2 5 8 9 16 

11 13 19 20 28 
18 21 25 26 28 

11 17 18 23 24 
5 6 15 16 21 

15 18 19 27 28 

4 11 15 20 31 

1 9 10 15 18 

6 13 14 16 17 

2 3 23 29 31 

1 2 11 20 29 
1 9 22 23 31 


1898 

3 4 7 9 25 

1 7 23 26 27 

3 4 7 25 29 

19 21 22 26 29 
19 21 23 24 25 
5 13 18 20 21 

2 14 15 16 18 
9 10 14 24 25 
6 7 19 21 26 

4 11 12 17 18 
10 11 13 14 28 
10 12 23 25 26 

1902 

1 12 14 21 22 
15 18 19 27 28 

4 14 -19 20 28 

7 15 25 26 27 
3 11 12 16 22 
2 3 8 20 23 

2 6 14 21 31 

5 12 15 14 30 

8 9 14 24 26 

7 10 14 16 2^ 

4 5 11 28 29 

5 8 U 18 31 

1906 

1 7 17 24 30 

12 13 20 21 22 
19 20 21 22 23 

5 6 7 15 16 

2 3 4 5 23 

19 20 21 22 30 

9 15 16 17 22 

4 5 6 18 23 

8 9 10 11 19 

6 7 8 9 18 

2 3 14 28 29 

4 5 25 30 51 


1899 

8 9 10 25 27 

4 7 8 10 18, 

5 19 20 27 30 

13 15 1-6 26 27 

13 14 25 28 29 

7 8 17 20 25 

19 22 23 50 31 

11 12 16 19 26 


5 

6 

7 

8 

20 

2 

10 

11 

29 

30 

8 

10 

16 

18 

20 

6 

11 

14 

15 

24 


1903 


1 

7 

15 

17 

29 

1 

2 

18 

27 

28 

16 

17 

25 

26 

27 

14 

16 

20 

22 

23 

1 

11 

18 

19 

20 

6 

12 

13 

26 

27 

4 

8 

22 

23 

24 

3 

7 

19 

29 

31 

3 

16 

17 

18 

26 

9 

10 

20 

21 

24 

14 

15 

25 

27 

28 

12 

17 

18 

24 

26 


1907 


3 

18 

19 

20 

21 

4 

5 

6 

18 

27 

15 

16 

17 

30 

31 

1 

2 

9 

21 

30 

1 

8 

9 

26 

27 

5 

8 

15 

16 

17 

4 

15 

16 

21 

30 

6 

12 

13 

28 

29 

8 

9 

22 

23 

24 

6 

7 

18 

19 

31 

1 

19 

20 

29 

50 

1 

2 

3 

9 

24 



(T23) 


Jan* 

Febr. 

March 

April 

May 

June 

July 

Aug, 

Sept, 

Oo-fc. 

Nov. 

Deo. 


Jan. 

Febr. 

March 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov, 

Dec. 


Jan. 

Febr. 

March 

April 

May 

June 

July 

Aug. 

Sept. 

Oot. 

Nov. 

Deo. 


Dable H. .Disturbed Days, 1896 - 1907 


1896 


3 

4 

19 

30 

31 

3 

4 

14 

28 

29 

4 

12 

26 

27 

28 

21 

22 

23 

24 

25 

2 

3 

17 

18 

20 

9 

14 

16 

17 

29 

4 

5 

12 

25 

27 

1 

2 

7 

21 

29 

3 

17 

18 

20 

24 

1 

9 

10 

11 

12 

5 

6 

7 

8 

9 

3 

4 

5 

13 

14 


1900 


5 

15 

19 

20 

26 

4 

5 

9 

11 

24 

1 

8 

9 

13 

14 

5 

9 

10 

11 

30 

1 

3 

5 

6 

30 

2 

5 

27 

28 

29 

17 

20 

24 

25 

28 

1 

7 

8 

20 

27 

5 

15 

16 

22 

23 

4 

20 

25 

26 

27 

’1 

2 

13 

18 

24 

2 

7 

10 

27 

28 


1904 


1 

10 

16 

28 

29 

5 

6 

7 

9 

16 

3 

4 

5 

11 

26 

1 

2 

4 

18 

19 

12 

13 

14 

27 

28. 

6 

15 

16 

17 

27 

1 

6 

7 

10 

14 

2 

5 

4 

21 

50 

8 

11 

16 

24 

25 

7 

8 

13 

21 

22 

2 

4 

5 

16 

25 

3 

9 

14 

15 

16 


1897 


1 

2 

3 

29 

30 

3 

4 

25 

26 

27 

3 

4 

8 

10 

29 

2 

6 

20 

23 

24 

2 

14 

17 

21 

30 

2 

3 

16 

17 

18 

14 

15 

22 

30 

31 

1 

9 

15 

20 

30 

4 

5 

11 

14 

23 

1 

2 

10 

18 

28 

17 

13 

20 

24 

25 

11 

12 

20 

21 

31 


1901 



2 

5 

22 

23 

24 

2 

19 

20 

22 

23 

18 

19 

23 

24 

29 

1 

2 

14 

15 

27 

10 

11 

23 

24 

31 

1 

7 

13 

14 

21 

11 

12 

17 

18 

20 

5 

14 

15 

16 

31 

10 

11 

12 

16 

17 

8 

9 

13 

25 

28 

4 

5 

9 

11 

19 

1 

2 

9 

27 

28 


1905 


5 

14 

17 

22 

31 

5 

4 

5 

14 

23 

2 

3 

5 

7 

16 

1 

2 

3 

5 

29 

1 

12 

19 

27 

29 

5 

9 

10 

22 

23 

6 

7 

8 

23 

24 

2 

3 

7 

29 

30 

3 

4 

18 

19 

27 

6 

13 

18 

26 

28 

4 

12 

13 

15 

16 

4 

12 

13 

20 

29 


1898 


15 

16 

17 

18 

19 

11 

12 

14 

15 

16 

11 

15 

16 

18 

20 

4 

7 

12 

13 

14 

4 

11 

12 

29 

50 

7 

8 

15 

26 

27 

20 

21 

22 

23 

27 

3 

16 

17 

22 

28 

3 

9 

10 

28 

29 

22 

25 

28 

29 

50 

17 

18 

20 

21 

22 

5 

14 

15 

16 

19 


1902 


15 

16 

17 

24 

26 

7 

8 

20 

21 

25 

8 

11 

12 

24 

25 

8 

10 

11 

20 

21 

8 

9 

10 

18 

51 

6 

15 

21 

22 

29 

8 

12 

24 

25 

26 

9 

16 

21 

22 

25 

2 

12 

18 

19 

20 

11 

24 

27 

30 

51 

14 

22 

23 

24 

25 

9 

12 

13 

23 

24 


1906 


9 

13 

14 

21 

31 

19 

24 

25 

26 

29 

1 

4 

7 

8 

25 

9 

10 

23 

28 

29 

8 

14 

15 

20 

21 

1 

2 

3 

4 

8 

11 

12 

27 

29 

30 

7 

8 

12 

13 

27 

3 

4 

22 

23 

24 

1 

12 

21 

22 

27 

8 

10 

11 

21 

22 

8 

9 

16 

22 

23 


1899 


15 

18 

23 

28 

29 

12 

1-4 

23 

24 

28 

10 

11 

21 

22 

23 

5 

10 

18 

19 

29 

3 

4 

5 

15 

51 

1 

27 

28 

29 

50 

2 

3 

4 

6 

25 

3 

20 

21 

29 

31 

1 

15 

18 

26 

27 

5 

6 

15 

23 

24 

4 

19 

22 

23 

30 

2 

18 

19 

28 

29 


1903 


4 

5 

23 

26 

27 

8 

12 

13 

15 

22 

5 

7 

12 

13 

31 

5 

6 

9 

18 

26 

5 

6 

16 

17 

23 

1 

2 

28 

29 

30 

6 

19 

26 

27 

28 

11 

12 

21 

22 

26 

5 

19 

20 

23 

29 

12 

13 

14 

26 

31 

1 

10 

18 

19 

22 

4 

13 

20 

30 

31 


1907 


5 

8 

11 

14 

15 

7 

8 

9 

10 

11 

10 

11 

12 

21 

22 

5 

6 

14 

16 

18 

13 

15 

18 

19 

29 

10 

11 

19 

20 

22 

2 

10 

11 

25 

28 

1 

2 

21 

24 

30 

10 

11 

12 

17 

30 

13 

14 

15 

22 

27 

3 

10 

11 

21 

22 

7 

8 

11 

12 

15 
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Table* G. Quiet Days, 1908 - I919 



1908 



1909 



1910 



1911 


3 

14 

19 

20 

23 

6 

7 

12 

16 

22 

8 

11 

15 

16 

31 

7 

12 

17 

20 

21 

2 

14 

18 

20 

21 

11 

12 

15 

19 

25 

6 

7 

8 

12 

19 

11 

12 

15 

19 

20 

3 

14 

15 

18 

24 

9 

11 

15 

16 

24 

8 

12 

24 

25 

26 

10 

11 

12 

17 

18 

0 

11 

12 

13 

20 

7 

8 

15 

21 

22 

7 

10 

11 

15 

21 

5 

13 

14 

15 

26 

7 

9 

15 

16 

19 

7 

8 

24 

25 

30 

6 

8 

12 

21 

22 

1 

4 

13 

22 

24 

5 

10 

11 

22 

23 

4 

9 

12 

20 

27 

2 

15 

16 

18 

30 

3 

17 

18 

19 

25 

2 

3 

10 

19 

31 

5 

6 

10 

18 

19 

1 

12 

13 

14 

27 

13 

14 

15 

16 

26 

4 

5 

16 

27 

28 

6 

14 

15 

16 

21 

6 

7 

8 

16 

26 

7 

0 

10 

11 

29 

1 

2 

20 

21 

26 

11 

12 

13 

18 

19 

3 

4 

12 

18 

19 

2 

3 

14 

25 

26 

9 

10 

22 

23 

28 

5 

13 

14 

16 

28 

9 

16 

17 

18 

31 

1 

5 

15 

23 

28 

4 

5 

6 

22 

23 

2 

4 

5 

12 

25 

6 

12 

13 

14 

24 

1 

7 

22 

23 

24 

2 

11 

15 

20 

21 

7 

8 

9 

11 

24 

10 

11 

12 

17 

26 

2 

9 

21 

22 

23 


1912 



1913 



1914 



1915 


2 

15 

16 

26 

27 

1 

7 

12 

16 

24 

9 

10 

24 

25 

26 

2 

3 

18 

19 

31 

5 

6 

15 

20 

21 

3 

4 

23 

24 

28 

1 

10 

11 

21 

25 

7 

11 

14 

16 

17 

4 

17 

18 

19 

24 

1 

2 

10 

26 

27 

5 

22 

28 

29 

30 

2 

3 

14 

15 

28 

1 

8 

11 

21 

28 

6 

20 

21 

22 

26 

12 

15 

26 

29 

30 

10 

11 

12 

13 

28 

1 

16 

22 

23 

26 

14 

20 

21 

22 

23 

9 

10 

14 

19 

20 

7 

8 

11 

28 

29 

5 

6 

15 

19 

20 

7 

8 

11 

12 

27 

12 

13 

16 

17 

23 

3 

4 

10 

20 

30 

10 

11 

12 

15 

24 

4 

9 

17 

19 

28 

2 

8 

13 

17 

19 

4 

15 

16 

17 

24 

4 

8 

12 

13 

26 

1 

5 

20 

29 

30 

9 

10 

14 

16 

22 

5 

13 

14 

15 

24 

2 

15 

16, 

27 

28 

4 

14 

20 

27 

29 

2 

7 

14 

21 

26 

7 

8 

18 

19 

20 

2 

5 

18 

19 

31 

2 

3 

23 

24 

28 

12 

14 

24 

25 

26 

2 

5 

9 

18 

29 

3 

12 

21 

29 

30 

4 

14 

15 

16 

25 

9 

20 

21 

22 

23 

3 

4 

14 

29 

30 

4 

5 

20 

21 

28 

10 

11 

13 

17 

23 

2 

13 

15 

21 

26 

1 

5 

18 

21 

22 


1916 



1917 



I 9 I 8 



1919 


2 

8 

15 

17 

19 

3 

15 

18 

28 

29 

8 

11 

17 

18 

19 

2 

11 

25 

26 

27 

1 

6 

16 

21 

25 

1 

9 

12 

13 

27 

8 

19 

22 

25 

26 

7 

10 

11 

12 

25 

1 

15 

15 

23 

27 

2 

3 

28 

29 

30 

5 

6 

19 

24 

25 

8 

9 

10 

18 

24 

4 

5 

10 

13 

24 

10 

11 

14 

20 

27 

13 

14 

15 

20 

24 

3 

5 

14 

26 

28 

13 

14 

15 

18 

27 

6 

8 

13 

19 

20 

7 

8 

9 

26 

27 

7 

8 

11 

28 

29 

2 

3 

10 

15 

16 

1 

2 

19 

20 

30 

2 

3 

4 

29 

30 

7 

8 

19 

20 

30 

7 

15 

27 

23 

29 

6 

16 

17 

18 

20 

7 

19 

20 

21 

22 

5 

6 

15 

16 

28 

1 

15 

16 

17 

25 

5 

6 

19 

28 

29 

1 

18 

19 

21 

30 

6 

9 

13 

14 

31 

1 

19 

20 

21 

29 

1 

11 

23 

25 

26 

11 

12 

15 

25 

26 

1 

5 

12 

26 

30 

4 

16 

17 

18 

28 

16 

19 

20 

21 

22 

11 

12 

13 

14 

27 

12 

13 

14 

21 

25 

1 

14 

20 

21 

24 

9 

10 

15 

16 

23 

5 

6 

7 

26 

27 

7 

9 

14 

19 

20 

6 

10 

21 

22 

23 

10 

13 

22 

23 

31 

5 

6 

28 

29 

30 

1 

17 

26 

29 

31 
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Jan. 

Pebr. 

March 

April 

May 

Jime 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 


Jan. 

Pebr. 

March 

April 

May 

June 

July 

Aug. 

Sept, 

Oct. 

Nov. 

Dec. 


Jan. 
Pebr. 
g March 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 





Table 

H. 

Disturbed Days, 1906 

1 - 

1919 







1908 



1909 



1910 



1911 


8 

9 

27 

28 

29 

1 

3 

29 

30 

31 

17 

22 

24 

25 

26 

8 

24 

25 

28 

31 

5 

6 

7 

11 

22 

2 

6 

22 

23 

24 

14 

17 

20 

21 

25 

2 

13 

21 

22 

23 

1 

2 

26 

27 

28 

18 

19 

27 

28 

29 

27 

28 

29 

30 

51 

5 

20 

21 

23 

26 

6 

7 

15 

22 

23 

12 

16 

25 

26 

27 

1 

2 

18 

27 

28 

8 

9 

16 

17 

30 

2 

24 

25 

26 

27 

14 

15 

18 

19 

26 

■13 

18 

19 

24 

25 

7 

*14 

15 

16 

31 

3 

4 

18 

19 

24 

21 

22 

23 

29 

30 

8 

9 

20 

21 

22 

4 

5 

9 

10 

11 

15 

16 

17 

24 

25 

12 

13 

23 

24 

28 

5 

6 

7 

24 

29 

1 

17 

19 

28 

29 

8 

9 

12 

19 

21 

2 

7 

9 

29 

30 

10 

19 

22 

28 

29 

19 

23 

24 

25 

26 

5 

11 

12 

29 

30 

3 

21 

25 

26 

30 

22 

25 

27 

29 

30 

16 

19 

20 

21 

22 

5 

6 

12 

13 

31 

2 

18 

19 

23 

24 

4 

6 

13 

19 

27 

9 

10 

11 

17 

18 

1 

8 

9 

10 

17 

15 

16 

20 

27 

30 

8 

17 

18 

19 

29 

3 

9 

13 

14 

15 

4 

5 

6 

13 

26 

1 

2 

13 

14 

21 

2 

15 

22 

28 

29 

6 

11 

17 

26 

31 


1912 



1913 



1914 



1915 


11 

12 

13 

17 

22 

3 

10 

13 

19 

30 

5 

7 

13 

16 

22 

1 

5 

25 

26 

27 

12 

13 

16 

17 

26 

12 

14 

15 

25 

26 

3 

6 

18 

22 

28 

8 

19 

20 

23 

24 

7 

8 

9 

21 

29 

14 

15 

16 

17 

23 

2 

6 

7 

15 

17 

7 

8 

20 

21 

22 

5 

6 

10 

15 

16 

1 

9 

10 

12 

16 

1 

6 

7 

8 

16 

7 

8 

15 

22 

26 

5 

6 

12 

13 

14 

4 

5 

6 

7 

27 

6 

15 

17 

26 

31 

1 

2 

16 

17 

27 

1 

8 

9 

10 

28 

1 

2 

19 

28 

29 

1 

25 

26 

27 

28 

12 

13 

17 

18 

22 

3 

4 

5 

27 

31 

12 

13 

14 

20 

25 

5 

25 

29 

30 

51 

2 

6 

9 

11 

27 

1 

6 

18 

19 

22 

9 

10 

11 

12 

23 

3 

6 

23 

29 

30 

2 

7 

26 

27 

29 

4 

17 

18 

23 

24 

7 

8 

9 

10 

22 

23 

27 

28 

29 

30 

22 

23 

24 

28 

29 

1 

11 

14 

15 

16 

5 

6 

7 

8 

18 

1 

17 

27 

28 

29 

15 

19 

23 

24 

25 

10 

11 

14 

16 

26 

2 

3 

7 

8 

20 

1 

3 

4 

11 

27 

1 

5 

6 

16 

17 

2 

6 

7 

22 

23 

4 

7 

25 

26 

27 

7 

9 

16 

27 

28 

6 

7 

15 

16 

26 


1916 



1917 



I9I8 



1919 


10 

11 

12 

20 

23 

4 

5 

12 

22 

23 

5 

12 

29 

30 

31 

3 

4 

5 

18 

31 

8 

12 

17 

18 

27 

15 

16 

18 

19 

20 

5 

6 

12 

13 

15 

1 

14 

21 

22 

28 

8 

9 

10 

29 

30 

4 

5 

8 

21 

25 

8 

11 

12 

15 

16 

1 

2 

20 

21 

22 

25 

26 

27 

28 

29 

5 

6 

9 

16 

26 

5 

6 

11 

19 

26 

7 

6 

16 

17 

IS 

2,1 

22 

23 

30 

31 

1 

2 

3 

16 

28 

1 

16 

17 

18 

19 

2 

3 

13 

21 

24 

8 

18 

19 

22 

23 

7 

13 

23 

24 

25 

9 

10 

11 

12 

15 

9 

10 

11 

23 

26 

1 

8 

9 

17 

23 

2 

13 

22 

29 

31 

8 

11 

25 

28 

29 

8 

17 

18 

22 

23 

6 

22 

25 

26 

27 

9 

10 

13 

14 

21 

15 

16 

25 

26 

27 

11 

12 

19 

20 

28 

3 

4 

12 

27 

30 

2 

5 

9 

19 

30 

1 

18 

19 

20 

21 

2 

6 

19 

20 

24 

1 

6 

7 

8 

13 

3 

13 

14 

28 

29 

2 

8 

16 

17 

31 

1 

3 

4 

5 

28 

4 

5 

6 

12 

27 

12 

14 

25 

26 

27 

11 

12 

15 

23 

29 

4 

11 

16 

17 

22 

1 

2 

5 

15 

27 

8 

16 

17 

18 

26 

1 

8 

9 

25 

26 

3 

14 

15 

22 

24 
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Table G, Quiet Bays, 1920 - 1931 



1920 

1921 

1922 

1923 

Jan. 

S'elDr. 

March 

4 5 15 19 27 

2 3 9 25 29 

2 5 29 30 31 

2 8 13 14 22 

8 9 12 16 23 

5 8 17 19 20 

3 4 15 21 22 

7 11 23 24 25 

7 8 9 23 24 

7 8 18 19 27 

9 12 13 21 23 

8 9 10 11 23 

April 

May 

June 

1 11 13 14 28 

6 7 11 22 23 

2 8 14 18 22 

4 5 7 26 27 

5 6 7 25 30 

5 15 18 19 25 

4 5 6 7 19 

.2 3 15 30 31 

10 11 15 2,4 25 

2 5 17 26 27 

1 12 13 22 24- 

9 10 17 18 24 

July 

Aug. 

Sept. 

2 3 21 28 29 

2 6 17 27 28 

6 12 20 21 26 

2 11 18 21 25 

1 9 23 25 29 

11 12 13 24 25 

8 11 12 21 22 

2 3 17 18 28 

2 22 23‘24 26 

5 14 15 21 24 

1 10 21 28 29 

7 8 16 21 22 

Oct. 
Nov. 

Bee. 

5 14 20 21 30 

8 10 14 23 24 

1 11 12 22 30 

3 16 17 18 19 

2 3 4 27 29 

6 7 19 20 21 

1 16 18 19 22 

6 7 13 18 26 

3 8 16 22 23 

2 3 23 24 30 

5 10 15 20 25 

2 7 17 21 22 


1924 

1925 

1926 

1927 

Jan. 

Tebr. 

March 

1 12 13 14 20 

14 15 18 28 29 

1 14 15 17 28 

4 10 11 25 28 

3 4 21 22 23 

3 8 18 28 31 

5 20 21 25 30 

6 7 8 9 27 

8 15 25 26 31 

9 10 21 22 23 

6 7 21 22 23 

2 22 23 24 25 

April 

May 

Jme 

4 5 11 13 30 

6 7 14 18 31 

3 6 7 8 14 

4 17 19 24 25 

2 12 14 15 16 

8 9 19 20 21 

2 20 28 29 30 

1 2 15 26 31 

4 12 20 25 26 

17 18 20 21 22 
11 12 17 16 26 

8 19 20 21 24 

July 

Aug. 

Sept. 

3 4 23 30 31 

11 12 20 21 25 
211 16 17 20 

13 16 17 10 20 

11 12 13 15 28 

10 11 12 29 30 

11 14 21 22 23 

7 8 21 22 23 

1 4 5 28 29 

3 10 15 16 29 

6 7 13 25 26 

16 17 22 23 24 

Oct. 

Nov. 

Deo. 

11 12 14 29 30 

5 8 17 18 30 

5 6 16 29 30 

2 3 18 29 30 

5 21 22 27 28 

5 14 17, 21 26 

1 10 21 22 23 

7 8 14 15 16 

6 8 9 14 19 

1 4 17 21 31 

2 7 14 22 25 

4 20 21 24 27 


1928 

1929 

1930 

1931 

Jan. 

Pebr. 

March 

11 12 13 14 31 

8 9 10 11 24 

2 4 5 9 31 

1 17 18 19 25 

5 4 5 14 15 

4 6 10 30 31 

11 12 14 26 27 

6 8 9 11 22 

5 7 8 9 10 

3 7 8 24 30 
6 10 12 20 21 
6 11 18 19 50 

April 

May 

June 

12 13 25 28 29 

1 2 3 22 26 
10 11 16 17 27 

9 14 20 25 24 

5 10 18 21 22 

4 5 14 IS 26 

5 4 5 27 28 

2 3 24 27 28 

11 15 23 24 25 

6 12 13 14 29 
9 10 22 23 28 
5 15 16 17 25 

July 

Aug. 

Sept. 

13 15 16 17 20 
10 14 15 20 22 
12 16 17 21 28 

9 13 19 28 29 

7 8 9 25 28 

3 4 5 19 29 

3 20 21 22 23 

2 3 4 17 28 

14 15 16 26 27 

9 10 19 20 21 
2 12 17 18 30 
2 18 19 28 29 

Oct. 

Nov. 

Bee. 

9 10 11 23 28 
8 9 22 28 29 
4 17 19 20 23 

1 2 15 26 27 

10 11 18 24 25 

1 2 19 20 21 

11 13 16 23 24 

12 19 20 21 22 
8 16 17 18 31 

9 10 11 16 25 
12 21 22 28 30 
19 20 21 26 27 
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Table E. Disturbed Days, 1920 - 1931 




1920 




1921 




1922 




1923 


Jan. 

9 

10 

11 

21 

28 

1 

10 

17 

24 

31 

8 

9 

24 

25 

31 

13 

20 

21 

29 ! 

Pebr. 

7 

14 

16 

17 

24 

2 

5 

13 

19 

28 

3 

9 

12 

15 

16 

17 

25 

26 

27 5 

March 

5 

14 

22 

23 

24 

15 : 

21 

22 

25 

27 

5 

10 

13 

14 

30 

15 

24 

25 

26 i 

April 

5 

15 

17 

18 

24 

12 

13 

18 

19 

29 

9 

12 

22 

24 

26 

12 

13 

21 

22 : 

May 

1 

13 

14 

15 

28 

13 

14 

15 

16 

20 

7 

8 

9 

16 

21 

3 

17 

18 

29 ] 

June 

4 

10 

11 

28 

29 

4 

6 

8 

14 

23 

3 

5 

16 

29 

30 

4 

15 

14 

21 ! 

July 

7 

12 

15 

16 

23 

7 

8 

9 

15 

16 

1 

16 

26 

27 

28 

7 

10 

11 

18 i 

Aug* 

8 

9 

12 

21 

22 

3 

5 

6 

26 

30 

11 

12 

13 

14 

23 

5 

4 

6 

13 i 

Sept. 

3 

4 

22 

28 

29 

2 

8 

23 

28 

29 

7 

8 

9 

14 

20 

9 

10 

26 

27 i 

Oct* 

1 

10 

24 

25 

27 

7 

8 

11 

12 

21 

5 

6 

7 

20 

51 

15 

16 

17 

18 - 

Mov. 

4 

6 

17 

26 

27 

6 

16 

17 

18 

23 

1 

2 

3 

28 

29 

2 

12 

22 

27 I 

Dec. 

4 

5 

6 

26 

27 

12 

13 

16 

28 

29 

5 

10 

14 

15 

26 

25 

24 

25 

26 I 



1924 



1925 



1926 



1927 

Jan. 

10 

22 

23 

29 

30 

16 

17 

19 

20 

23 

18 

22 

23 

26 

27 

1 

4 
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Tatle G. Quiet Days, 1932 - 1937 
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Table I, Daily Relative Sunspot Numbers divided by 5 
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Table J. IinimMumal Daily Magnetic Chamcter-figufea 
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Table L Daily RebUive Sunspot Numbers divided by 5 
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Tabu J. IrUemationdl Daily MagneHc CharacUr^figwres 
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Table L Daily Relative Sunspot Numbers divided by 5 
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Table J. Intemaiional Daily Magnetic Character'figurea 
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Table I. Daily Rdative Sunspot Numbers divided by 5 
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Table L Daily ReUUive Sunspot Numbers divided by 5 
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Table J. International Daily Magnetic Oharacter-Jigures 
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Table L Daily MelcUive Sunspot Nvmbera divided by 5 
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Tafck J. Intematimal Daily Magnetic Character-figures 



t^OJ OtAtr\r-T- om Or-r-CMtr\ 

r- r- 


VO ACAAO O ACM AA-^CMC^ 



T-t<>VO-r-'^T- O 0|>-0t^0 OlTv 


O A CTV"^^ O^T- CM A-^t- 00 'Tt’ 

T- T— T— T- 



t- ^ T- o OJ cvj o Lnv£) KM^^VD o T- 


O CJVCM '«d-CM r-Ar-ri-t-ACMVO 



KN T— O LA CVlT“T“C^t*“CN4 OOO^'^ 

T— T— 


T- O-c-VOCMC—CMCMCMC^CrvCOCM 

n 


t- VO r- IAt- OMA O tA OtA»A 


CMACM-^A^AAt-VOOCMv- 
ir- T— 

55 


ACTiOO VD tAVO AOtAOC^J^AO^A 


Ir^COVOVOA^-OOCMVOT-t-CMT- 

S 


1 “ 00 CTvO O CTtVO CM tAVO tACVJ Ox- 


VO VO ^ O C*“VO T— CTvOTVt— t— ACM 

dft 
r-1 


O tAr- O •^hCAt^tA-^tA^-^^'t- t- 

v“ r- 


VOT-CMT-CMCMT-t^-OOAi-Td-T- 

00 


T- r- O (A tACM CM CT>^-VO lAVO-«d-0 
^ r- T- r- T- T- 


CM r- OM>A At- CM t- t-t-CX) 

T— T- r- 

iH 


At-t- C0VOVOtAt-CDOM>-O'vCX)C^ 

T— t“ 


OtA(T»CrvACMT-C0<'*»!l''^AT- 
^ r- r- T— 

CO 


A A O CM CM ^ OrvtAT- C- ojooV tA 


O-^CTir- O CTvCM CTiACM Mt-O 

T— t- r- T- 



OVOCMCMr- OCM OtAc-^ O 

T- 


O OCOx- O T^cnoo C^CTiCOCM 

T— t— 



CM O I>T- C^CM(tA«t- Al>CM CM T- 


T- o A a 1|0 CM CrvOO OIAA o 

09 

fH 


Aa^vo o CO 00 tAco CTk-^ cn o.a-< 4 - 


A C^CMAc—Or-r-CM 

3 


^CMT-r-crvOOCOI>-T-T-lA 0(v^ 00 

T- T- r* r- 


CS^T- r-AC^AACMT-T—T-T- 

fH 


t>-tA'*d-r^tAOC3>tAVDOOVOCM'cj*Th 

T— ^ r- <«“ t— T— r" 


At^CM O tr-ACM VO AC^-'tJ-t-CM 

•r“ T— 

s 


COt-CMOOACOCO OCM oovcboo 

T- T- 


A-r-'^d* OCM'M-AA'M-O OCMt^ 

A 


OOCnOVOVOCM-r-CT>OCO'^ o o 

r— r- 


VO OOCMt- O OCMAt-'M^CM a 

T— 

00 


Ot^OtAAOOCMr-OtACMT- Oc- 

T“ T— ^ T— 


[ 0 ^^ Ar^At-CMAr-T- Or- O 



VOcrtAtA-r- OVO '^CrvtAxi-VO C-A 


CM-M-CrvAOCM-^Ar-A O'chCM 

CO 


CMCMCri*^tACMOM>-'<!l*VOCMC^OCM 
r- T- 


OOVO T-O A T-ACM OAAAc- 

lO 


T^'<!i-CTVtAr-^T^VOr-'ci-'«id-tAT-tAO 

r- 


r-T^ACriT- O CM T-VO* ACM AA 



QOCM0OT-c-r-<MCMACM'«t O O O 


CM 00 'M^VO T- Or--pi-Tj-OC0OO 

T— 

«0 


At- Or-CMAT-A Or-r-AOCM 


-«tACMI>--M- OKhCMAACrvOCM 

T— T- 

04 


^ -r- VO T- t-'V-, ^AOVOO*^OA 


AAAAACMACM-^CMCM Ot- 

r- T- 

r-l 


AAt-t-At-CM OCMt-At-'aCTv 


OOC^CMOOC^OOVOt-t^t-t-AO 

T— 

O 


AVO -^l>-Cvi CM A’b A’Ti-vo CM'OO Kv 

T“ 


OCMVOttt-OOACMOVO tr\AVD 

T“ r- T- r- T— t— 



t-Ar-CO'^-r-t-'^OVOAOVDA 
CM CM CM-r-r-T- ACMCM 


CTV A'^d-O t-AO AAVO CM 0> 
T-r-r-T- ACMCMt-t-t- 



HspciS^HahjhXjCOOOjSiP 


i-ppHaHa»-:>»-p»-aHCQOlaiP 


(M 

r“ 

cn 

T** 

CM A*^ AVO b“00C7^OT-CMA>^A 

coooopcooooooooo cncTtO^cncrvcrv 

OOOOOOOOOOOQOO 

T-T-T-r-r-T-T—r-^T— T-T— r-’T- 

A 

r- 

CTk 

H 

VO t-’oo CTvO T- CM A-ri-AA l>C0 
crkcriC3hcrvo©ooooooo 

OOOO^t-t—t-t—t-t-t-t— 

T-r-T-T— r-T-T— r-T-T— T-T-T— 



6wupot$l6 
1914 
1109 J 


Table /, Daily RekUive SuTispot Numhera divided by 5 
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TabU I. Daily Bdaiive Sunspot Numbers divided by 5 
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CM CM T-T-r-CM t-CM-r- v-CM 

mCOC^^Ov-tAVOCMC^OO-^VO 
CM r- CM CM CM CM T- CM T- v-r- 

tOiCMVDlAOCMh'MrNtr\tr\cOGOOO 
tO^T- r-T-CM CM T-CM CM t- 

Oa^OT-lr^t^^tr^CMK^CMCO^^^' 
T“T—t-CMCM^CMCM r— t— 

cntovVD cot^^Lr\incoi>-o*^iA 

CMv- T-t—CMr-T-r-CMr-v-r- 

O^OVO^OQ^Ov“ ir\'r- ^ 'ich 
r-T— r-T—^CMT-T-K^ t-t- 

ot<Mr\CMT-cOT-‘r-mi>-i>-.no-^ 
CMt— r-^T—t~r“CM ir-r- 

cr»t^inr-T-cMT--ooc“ cTvvo T- o 

T- T-T-t—r— t-CM r-r- 

^-T-VO^r^CJ^CMCr\COCOt>-G^CMVO 
CM T- V- T- t-- 

C^lOVO00lr^T“l-C^CJ^^'-^CMC^K^ 
CM r— 

^-OV0a^l^^C0^^OVO'^d-u^t^l^- 
CM r- CM r- C'J ^ 

vo■^l^-t;^■^-a^ OT~t>-*^CMLn^ 

■ CM r- V- ^ t— T- 

t'-T- 00 ^‘^VO T“ o LA VO r- 

CM r- r“ r- T- T— T— 

(j\T—i>--^coocM-»cf-vocot—oocrk 

CM T— T— r- t— T“ 

OO’^VO'sh'^T-tACMCnC^OOOOCM 
T— T“ r- r- r- CM 

CJ^O'^^OvlAO^<^t<^O^CO^<^CM•<;^■ 

OOO^OtAtACACM'^OOLnOCNJT- 
r- > 1 — T- T~ t— CM CM 

LAT“CJ%[>-VOCM'<:^-OAVOCrkr“CO 

r- T- T— ^ r- CM T- 

O CM CO (TklAVO VO COM3 O C-tAin 

t-T- ^^CM^ 

v-^^^^-CM^^\lr^'!;^-VOACMCT^^c^00 

r-T- r-r-r- t- t- CM •»- 

COOCTkAD-tOiirvC^ CTiVO tAr- CTk 
T- T“ T—T- T- T-r- CM r- 

voo^r^^<^coc^»[^-T-a^T-cOT-o^ 

T-'r- T- ^ T“ CM CM T-r- 

lACTkCO’^CMCTM^-COO-^CO'^O 

^ T-T-^- r-x-r- CM 

ir\CMO'^I>CrkOtA<»-'«d-00VOCM 
CMr-r-r-T-T—r-T—T-r- CM 

C0^-M*tr\C0 CO CTiVOr- "cd-O CO VO 


CMCMr-T-T-^r-CMr-T- CM 


^O'«;*‘00C0C^aMr*-00l>-K>Cntc\'«*- 
CAr- r-T- r-r- r-r- 

CMO^-T-OOOOC^C^OlALPkT^f-CMr- 
lAr- r-t— r-r-r-T-r-r- 

OOCTk'^OC^r-C—'^C7 »t-00'^C^J^ 

CM T- r- T— r-T-r- 

CM r- T- T- r- r-r- 

OVDLr\'M-'d-C-'M-'<;hCOCrkLACO 

IAt- r- t- r- T- 

CMCMOCMOT-cnCO^MOlAC-tAC*- 
CMt—t— t-CMt— r- T- r- 

IAt-CM-^OOIAt-O tAVO O -^CM tA 
T—T— r—r-r-r—r-T— t— r-r- r— 

OCJ^^-C7^'«:i*Ar-r-^ACO'«;t“'^CM^A 


00T-Lr\'«d-CMtA(TvOCMVD ^AVO O 

r-CMCMr-r— r-r—r-r-r- r- 

Crir-D-ACMT-tAC--«d‘CMCMtA<*VO 
t— CMCMr-r-r- r-r-r-r- r- 

C^^O^ACMOCMACM^I^-'<d■^-'<i-lA 
r-CMCACMr-r-r-r— T— T-T— r- 

n^cTkVo oot-oO'^cooi> 

r—T— ^ACMCMr-CMr-r-r—T— t—T— r* 

tAtAVO CO T- VO t<"\CJ\CM AGO l>-fACr> 
r-r-CMCMCMr-CM r-r- r-r-i— 

VO VO A ACM tAr- 00 CM C7 >t- CJk-r- CJ\ 

r-r—CMCMCMr—CM r- 

■«^*VO<J^C0C7^T-•«M“CJ^CMT-^^•OI^-l^- 
r-r-r—CMr-r-CM r-t— CMr-r— 

VO CM T- A VO cr\oi>--^t-cnAt>r- 
r-r-CMfAr- CM r-r- CMr-CM 

COA-^r-OO^i'AA-^i-C^T-r-COCO 
r-r-r— CMCM CMr—r— r— r-CMr-r" 

^AOAC0^C^^A•^A^-VO CTkAO 
CMCMr-CMCM CMr-r-r-r-r—r—r’ 

00 CM O VO O AVO ACM A 

r-r-r-r-CM CMr-r-CMr-r-T— r- 

VO^-r-OAVOVOr-CMVOOOOAO 
r-r-r-CMr- r-r-v-CMr-r-r-CM 

'^CMOO'«;J-|>-COOVO, ^AAlXTv 
T—CMr—CMr- r-r—r-Ar- r- 

Td-ACrkt-r-CMAOOr-AC^-^VO 
r-CMr-CMr-r-r-r-CMCMCM r- 

T- VO 00 VO O C7V ACTvVO O A CO MO A 

r*C'Jr-T-T— 1 — r-CMCM r- 

vo‘^AcoooocrM>'CM cncncTkVO 

^-CMr-r-r-r- r- r-t- r- 

AACMD^r-0OCTvA'«t'«^COAt^A 
CM A r-r—r—r— r-r—r- i— 

'^Tj-CMVO0000I>-Cr»CMOl>I>CMCM 
CM CM r-r- r- r-r-r- r- r- 

AA'rJ-AAr-VOOr-CnOCMCMtr*- 

CM A r— T—CM r—r— r-r-*t“ 


tAO\C0-Shr-C^T;h^Cs-fO^QV^j^ 

ACMCMCMr-r- 


A A-^r- ACTkMO CM CTkVO 

ACM CM CM r- r- CM CM 


» *-’PHS<!ah)H3i^<!!raoSa!0 P4 a a <i S i-a 1-9 < w O fe K P 
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Table J, International Daily Magnetic Character-figures 


ir\CD'^ljrNLr\KM>-tr\r- OirvT- 

V- T“ ^ ^ ^ 


'M-'^COCMtAOT^CMCMCTkOt-'i-lA 

t— 


KNOD CO CJ^t<^VD C\J ^r^a^VO OVOCTv 
r- ^ ^ 


CTv ^A CA CTV^ r“r^tACMT—T“LAt—00 
r- 


-^VD r- C\J'^d“tCM>-a%T-t>-C0 


CMCMVOCMVOVOCMCMCMCOCOIALA-^ 
r- t— r- r- 

S3 

c\jt<M>-cr\'^T-o oki-oovo oo 


'^r-C^CTk'M-CMtACM CACTkt^ O r- LA 

r- T- T“ 

S3 

0^to^t-c^JC0^-^^^T-OOLf^ OlA 

T- T- ^ T- 03 T- 


T-VO tA OOVO CM tA-^tAtA-^ O t- 
r- t— T- 

53 

O00T-K^'a^Lr^cMr-t-a^ Ol<^x- 

T- r- T- T- r- 


tAOr- Ot-lACMCMVOCArAO OCM 

a 

Cr\CVJOJt^OT-C^<h-^CM OCVJC^ 
r- T— r— T“ T-f 


VOt— Or-r-tAOT-lAOCTVT-T-rA 
r- ^ r- 

o» 

m'^cvioocvj o oo^oO’^oc^^^f^ 

r- r- r~ r- t— 


CM-M-T-T-crvOr-OOCM^-OOCOCM O 
T— r- T— 

QO 

OOOK\Ot- OT-OLf^D^O^-^- 
r- r- ^ T- 


tAOT-x-CMO<TiOO<y\COOC^tA^ 
T- r- T— T- 


OCVI04 O^COr-O^CVJ OVOI^-CVI 


r- 0 CM 0 lAC^O CTvlAO CACO O 

<P 

Oa>-«d* Or-O'c-OOt^tOi-CMO 

r“ T— 


V- T- 0 t- JAr- C^OlAOOLACM O 
^ T“ T-T-T-CMt— T— 

iO 

i<H 

O tOiCJ O O CM -si-C-O mtOvCVJ <T\ 
r~ T— 


r“-M-CACT\0 OVOC-CMt-^-CM^CM 
r- ^ 

rH 

ooirvT-tosCMcr\c^T-cOT-i>a> 

CVJ T-t- 


OlACMtAtA OLA‘^t>’*^ 
r~ T~ r~ 

CO 

'^D-cviLr\r- o m ifM>cnvo tA 

r- ^ r- 


0 CAVD (TvlAVO t~ tA 0 T- lA 0 lACM 

T— 

f-< 

a^O^O CntACVJ -<;KX) VO 

r- ^ ^ ^ 


0 CO 0 (Tvr-VO r- 0'^^A0T-‘^ 

T— T* T— 

F-< 

fH 

CMr-OVOtA'^tA'T-inOlAr-Cn 
r~ r~ r- r- 


r-r-t-lA 0 tA 0 CM CM C-- 1 -lA VO tA 
r~ r- r— t— 

O 

F"< 

T-OOOCOtAT-C^OOCnCM tAVO 

T- T— r- r- 


OO-^OOOOVOVO^-COlACMCACMC^tA 

t— 

o» 

t*-'«tlAOOVOLACn OtACOT-tA 

T— T“ 


VO VO 00 '^vo 0 lA 00 CM CM C^VO 

y- T— 

00 

LAtACM r-VO O-VO O Or-LAVOt- 


VO t-lA CA CO erv tA 0 CM t- CM T- 

T- r- CM 

fF 

lA O tA Cr\ OMA X-T- OLAt-O 
r- • r* 


CM 0 CO a^O CM C--CO 0 CM C^*^0 CM 
^ T- CM T— V- 

o 

lALA'^t- CTvCSJ <M0J CM O tA^ r- 


tALAlACMtACMtA'r-CAOOOVO 

r- r- T— T— CM ▼“ 

ua 

<s\0 x^•lA^AOCM^A O OlACMtA 
CM T- r- 


t-CM'^C^LA'^T-OCMOCAO OOO 
T- ^ CM r- 


0>00'<^" OtAVOUMA OLAr-C^ 
t-CMt*- 


lALAr-O-^CM OVO CM <A00*«“ CM r- 
r- r- t— r- r- 

CO 

O Cr\CM r-KMr*-0 CO tAr- O lAO 

CM T- t— t-' r- 


COCO«ArAlAOCM^-l>-VAOCM <T»IA 
r- ^ 


tACO'^irs'r'OI>LACM's*' 0 *«tcrk 
T" r- T- 


CO QVO LAtAt-tAC^CO Q lAlACO tA 
T- r- T- 

fH 

'^^OOO'^T-tACvi-^r- Or- 
T- CM 


T- OlALAOtA^CM '^VO IAt- C\r- 
r- r~ 

o 

a>-«tvO T-" CQ 

T" CM r" r** 


r-^CMVOr-CM 00^0'^OOCDtA 
r- 

f 

<1 

tA (Tv COc;? O ^ ^ 
tACMCMCM*-*^ 


CAlA'id’t- t^lACAVO CM 0)^ 
tACMCMCMr-r- CM CM 

VO CM tA-^LA^ t^CQ cr»g 3 -CM tA^ 
CM I>-® ffi S Sh 

CJ> CM W CM CM AI CM CM CM CM evil <N CM CM 

t-* 

CM 

a\ 

T- 

lAVO C-CQ CAO T- CM 

00 00 00 (X) ® (ACACACACACA^O^O) 

Sj CM 04 CM S CM CM CM CM CM CM CM CM CM 
T“T” 
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Table /. Daily RdaUve Sunspot Numbers divided by 5 


Lr^OJ.-^C^NMTN^O^T-VOCOt^Crk 

r-CJOJCMOJCVlr-r-CSj-r-t—T- 


iri<J\rA0D trvLAKNT- C^C^c^xhO 

t-^CVJCVJCNJCNJt“OJt—^T-T—T- 


mcovo 'C^V0 

T—T— CVJCvlC\JCVjT"r“r-T“t— T— T- 


»^c-cn'<-if\CMCJmT~c^(X)crk’«d- 

C\J0JC\JC\JtOv^T-T-T-T-'r-'r- 


c^T-'^rOk^cocvioJOcoc^cr\in 

<M CM CM K\CM r- T- r- t- T- r- T- 


COC^OMrkCMt-lJr\T-CMLC\r-tc\VD 
1—CMCMlACMi—T-t—OJ t- 


CMCMCMCMtOkCMr-r-T-v-^r- 


t-CrvCMVOc-OMDCMliMn-^tTNCM 

r-CMCMCMtACMr-r-r-T—T-^ 


Lr\ CT^VO t—t—COCO'^CO^CMr-O 

v-r-CMr-CMCMr-T-r-T-T—T— 


!>- m CTkCO 00 CTWD -vl-1>- CM O O O- 
r-r-r" t—CM t-t-t-t—t— 


D-moVO o CTX-^O^CO lOiOVO CO 

r-CMr-f—t-CMr-T—t—t— 


l>-O-shc-C000C3^Cnt-COOCMN'\ 
T-V-r- t-CMt-CM t- 


O O 00 CJCCO ljr\T- O^-r-VO CM 
^r-r-T- r-CM'r-CM c— 


cntovincnurMn^iACMOOiAtA 


tr\00 tAVO tTv^LnvO o tc >00 VO 'Si* 
1 —t—r- r-CMr-T-T- 


O Cn'«tVO r-r-VOLr\tr\-si-mCM'st* 

T—T—r'- T—CMr**c^r- 


OOt-OUM<^C'*-LnCM'si--sl-VO'^Lri 

r- CM T- CM ^ T- ^ 


CJMfMrM>-KNC'-'^UM>-t<NVO C'-MO 

T- CM c— T- r- t— CM 


si-'si-VOC-IOkC--t"-K>OCM CnVO 'Si* 

T- CM t- T- s*- T- CM 


(T>CM'sd-cr>'si*-sd-oovotc\ro»T-coo 

r-CMr- T*-T~'r-CMs— s— 


O lACr>VO -stu? CTiCM C'-CT>VO CO CM 
CMCMt- t-CMr-CMs— r- 


C^VOC^ir\VOVOCM^C-"'si’mCM 00 
CM CM T-T- s—CM r-r-T-s— 


OOVOs-COT-O^O^D'^O^r-T-'T- 

CMCMCMr-r- x-CMt-CMt-t-CM 


•si-tcNcrico Lf\vo CM s- s- C'-ir\ o cr» 

CMCMCM-c-t-t^s-CMCMCMs-t-s- 


r-I>-mOI>t-t''-CMPr\CM*s|-rOkOO 

CMCMCMCMs-CMs-CMCMCMr-T-t- 


tOs- "sfO -si-OVO s- t<^CM *si*VO r- 

t-CMCMCMCMCMCMCMCMCMt-s-CM 


cn-si-si-cM i>-cyvvo o^t- km^iavo 

t-CMCMCMt-CMr-CMCMt-T-T- 


li 00 oo 
gw g\p 


CO O^^COVO ^(^VO too tAVO OOVO CTk 
r-^^r-T-s—r-CMr- 


t'-T- 00 O C^VO 00 CM O S- CM l>*VO l>* 
•I— T- r**T-r-s— T— T-r-CMCM 


C*-^I>-OVOVOVOOVOOOCMI>-CM 
s— T— r**T—T— t-*CMt—CMCM 


CM OOVOCMOMACMOMAr-OO^s- 

CMt“t-t- CMCMCMr-^T*- 


-si* ir\ CM o VO O^tAVO CO C^CM 
IT- r-T—r**s—T- r-CMCM 


LACMVOlAr-C-LnCM-sl-CT^COCriOOO 
r- r-T-r-'c-T— CMCM 


'^d* tA LA CM lA 00 CM CTiCM 'S^ Cr»00 00 
r- r- T- t-* sr- CM \- 


•CM-shOlAtr-lACOCMLA-si-O^CrkCA 
“ T- r- T- s- s— CM r- 


^ACMtAOlA'S^'VOOVOLA^-OCO'^ 

•T—s— s— r-T— r-r- s—CMs-" 


•si* CM NAtAVO CM CM LA •si* 00 tA 

T—T— r-r-T— r-T— s^CM^ 


lACM'shCMO'si*'si"sH>-tAl>'shOOCM 
T— T- T-T-r-S— T— T— CMt— 


T-C-lALAT-^-CMCMI^-l^-•s|■^A0O^A 

CM r— r-r-^r* r-CMs“ 


-sf* T- CO CM lA CM CO CAO CT^ ^ CTiVD -si* 

r-T— r“T“r*T“** r- T“CMr“ 


COOCMlAVOr- s—VDO^tA 

T-'T—s—r-T—T—T*" r-<p- CMCMs— 


CTkr- tA'^VO OLACMt-CTVOOt^CMr- 
T—r—T—s—T“r**r“r-*T— r**T— t*“ 

VO ^-sl-VD 'si*VO l>-'si"sh'shC0-^CMO 

T-T- T*-r-r- T-r-r- 

CO tAVO tAt^VO VOOlA-shCMLACMOO 

T— t—T— T— T— r-T-*S“ VT-r- 
CO'sl-CntAtAVO tACO'^OO'^Cn'shr- 


DAC-<T»r-lAC^tAO CAVX> VO VO CTvCTV 
CMt-t—s-t- r*'T- t—t—s— 


vococritAcrkC^c-tACvJc-vocncooo 
T— T-T— T— T- S— t—CM T-r-T- 


O LAr- CO CrM>-VO VO CM lA VO VO O 00 
CM CM CM T- s—T-CM r-t-CM 


C^'<si*00t>-tACMC^OtAs-C^OlAtA 
r-CMr- r-T-T—CMCMT^T-CMCMr- 


C^CTMAOt-CMt-C^IAC-VOCOIAIA 
T—r-r-r-T— t“CMt-CM r-^CM'P- 


C7^C^lAT-00CMCMlAt^■00'sl-C^^COC^^ 
T-T*“T— r-CM^CM t-T-CMr— 


VOOr-OC0tAT**'si-T-CM LA LA VO 

r" ir*CMs—CM t—s—^CMs— 


t> O-si-T- Cr> CD CO '^VO CM tAVO O CM 
r* r—^ T*"T*"'^r“T”T"T“ tA CM 


VO CACM 00 CTvVO -si-00 VO t- -shVO C- 
T— T— T— T— T-T— S— S— CMCM 


tAt-O■*^C0^-V0a^tACMT-■sl-'sl-•s^ 
r“ T— T“s“r-s-^T“CMCM 


C-tACM OMACM COlAs-C^-sf-T-t^.-si- 
CMCMCMt-t-t- tACMCM 


>T)I54:S<iagh3h)»-9<*|CQOSZiR 


i-a{iiaa-<S3HaHD<jCQOO|sin 


O T-CM tA^lAVO C^CO CTkO r- 0^ CM tA-st* LAVO l>-CO CnO t-CM ^A's|-LA 
0*0 p O O O O O O O T-T- CM T-s-^ ^ ^ 


SwMpoUj^ 
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TahU J. hitemational Daily Magnetic Character-jigurea 


CM cnoo '^OMfWD OO'^ 


CMC0t-OT-^r^r-T- LTvVD ir\cO cr>CO 


ir^cMOvoc^'^vDcO'^^OcrktOiKN 


LCvCnvO O^xhCM O T-tr\0 CM 


mcOLni>“ oLr\c^CMtr\o 


OT-CMt<^t 


00 tACTNCM CJ^'^ ITN r- r- 00 CM CD GO 


CMr-VDl^^CM OO OK-lr^CMCMt-^^^ 


OCOt<^t^COK^^-t-- OCTkOlTN'i 


t«-VO CD ^ t^-^f^C7^ O mr- 


<J^Lf^OO OCTk^'^CM^LTNOCM O 


CM -^VD t<^T-VDCMOLf^CML^C^^-K^ 


O O I>-KMTv (T»r-CM 


•cooc^T-CMtr\LnvD’c- cr^cri-^c^ 


CMT-OOT-CJ^C^Ot<^^-■^Lf^CMK^■ 


^t^r--s^K^T-Lf^VOK^CM|>•LC^^f^^-t 


K^CT^'c-I^“CMCM^^^^O^ Or- •shVD 


O'X>t-M0unkOCMCMCMC*-t-r-tr\O 


Or-t^-'^r-tr^Ln-r-CTNCM 


-VOVX>Cy^CJ^(DK^C0r-lr^U^CM'<;^^<^ 


LTN O O O r- 00 CO I>- 




Os-CMKNCOCMVOr-OOKNOO^ 


MD O tc\ r- CM LrvKN-*:*-VD K\0 O 


^r--^CMCMCACMr-mOVO OOO 


MD0O’^K^'^ OMO O 


OCMr"v-l<>r-Kt“VO 




Q0t-t^^r-CM^<^tC^t~Lf^CD00^<^'^- 


O T- CrvLTi'**- K\0 ' 


00tAr-Lf^■^K^r-CM^-CM D-MO t> 


o r- KNr- ^r\M0 CMtOr-LfNCMr-COLrv 


^-^-lJr^Lf^OOMOMDK^-<:»-LA^r^OOOO 


•OOCDOOr-a>r-LnvOOCMT- 


CM t- 


N^-^'cj-tCMJMTNtACO '^shCn-r- <T\CM tOs 


^^OC0CT^0^^<^O■»-C0CMr- O O 


Lf^C0■«^^<^C0C^ OCMr-O C7»V£) UTMT- 


cr» <TN CT>V0 r-CMCMO-ri-r-OOr-tON 


-00'-DOO^-'^I>*CMLf\C^CM'^t- 


O VD T- O T- O T- '«^VD C^CM O 
r- .CM r- ‘ r- 


M0c^Lr\c^cnoLfM<\o(D'^c^tf> 


intACOk-^OOOOC^t'-'t-OCM'rl-'ri- 


'CJ^^-'«:|-r-■s^•CMC7^0CMLf^t^\CMK^ 


irviTv tr\CT>r- t- 00 -M- 


C0CrNCM*»5|-Q'^CM OLf\-:t*C0'*d-r-'«:i- 




■Dr\'r-VOC3>C0'J0'^C0'^00 CTkinCM 


LTNCTM^t-tOiT-OOr-VOCDCOCMCr^ 


LrvCM'«;i*CMxHi>k'«d-OCMO ir\cr\^£) tr\ 


0OcJ^VDr-’^d•0OCnCM^-<J^<Nt<^T 


O <r> CM '«:l‘r- tTN'^ LfMT-CM VO <• 


'^cni>T-rr\r-tr\'^LrkCMOVDcn 

T— T- CM 

CM CD VO CM CTimCM CJmAt- 00 
CM T-r-r- CMCMCMT-t-T- 

Hap^a<{S»^,^^h^<|^CQO^z;p 


•VOVO'rJ-CMt-VOCMVOCr»OOVO 


C^lOkCMCyMTkCMCOirvr-^-'^r-^-'^ 
CM CM CM T-r-x- CC\CM CM 

H3Pt<aaa-«jaH3i-3<;cQooia5Pi 


CTtO X- CM trv'^irwo t-OO C7^0 r- 

OQOCDOOOOOOOx-r- 


Cr\ CM m-rt-LA VO CD CT»0 r-CM 
CM x—r^T—T—X—t—r—t—CMCMCMCMCVICM 
CA CA^AtAtAt<^tAtA^AtAK^tAtA^A^A 
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Table 1, Daily Relative Sunspot Numbers divided by 5 


S 


«o 

r-1 

s 

QO 


CO 

<N 


CO'^OLnvDl>-'ei-COCVJinrrN(\i-*d- 

T— 

OO'^ O covo VD O t-CNJ o CNJ 

t-vo t-V^ tAC^CM OD K^C^J O 
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TaMe I, Daily Relative Sunspot Numbers divided by 6 
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Table J. IrUerriational Daily Magnetic Character-figures 
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INDEX OF SUBJECTS 


This index is divided into eleven parts, each associated with a one-letter or two-lefctor 
reference symbol; these symbols, and the scope and order of the divisions, are as follows: 


Beference 

symbol Scope 


G General physics and miscellaneous topics. 

AN Analysis: statistical, harmonic, and spherical harmonic. 

AS Astronomical, other than solar physics, namely geometrical particulars eou- 

ceming the sim, moon, and the eaxth—^rotation, orbital motion, time, and 
the seasons. 

AT Atmospheric topics, including atmospheric electricity, the ionosphere, au<l 
radio data, but not auroral topics, nor the ctirrent-systoms discussed in 
divisions D and DV. 

AU Auroral topics. 

D Disturbance and activity of the geomagnetic field. 

DV Daily variations, solaj and lunar, of the geomagnetic field. 

EE Earth-electricity (earth currents, eaGcth potentials, earth resistivity, but not 
atmospheric electricity, which is included in AT). 

IM Instruments, magnetic measurements, methods and programmes of mag¬ 
netic observation, and magnetic prospecting. 

M Main geomagnetic field, including its anomalies, secular variation, and 
analysis. 

SN Solar physical data, including sunspots and other disturbances on the sun, 
and the sunspot cycle. 


Within each division the items (but not necessarily the sub-items) are arranged alpha- 
betically. The more important items are subdivided; the sub-items begin with a capital 
letter, and in some cases are themselves subdivided: the sub-sub-itoms do not begin with 
a capital. Cross references are given in italic type. Eor some very general items (e.g. 
Magnetic, in division G) all or almost all the sub-items are thus italicized, indicating that 
they appear elsewhere as separate items, mostly themselves subdivided. 

The letters r or p indicate that a Figure or Plate illustrates the item indexed. 

The page-numbers are given in full (not abbreviated as in the index of authors). 


G: Oeneml physics and miscellaneous topics 


Agate supports, 53, 138. 

Air; Permeability, 23; variation with 
height, 94; see AT. 

Alloys: Magnetic, 26; Alnico, 26; /i-metal, 
26, 41; permalloy, 26, 26; perminvar, 
90; see Heualer^s. 

Aluminium, 138. 

Ammeter, 94. 

Ampere (current-unit), 16; Ampere turns, 
18. 

Anaglyphs (coloured stereograms), 68. 

Angstrom unit, 166. 

Attachment of electrons, see AT. 

Bar, microbar, millibar (pressure units), 
488, 439. 

Basalt, susceptibility, 144. 

Boltzmann^s constant (h), 489. 


Brass; Diamagnetism and paramagnetism, 
143; Kon-magnetio castings, 95. 

Bricks, see clay. 

Calcium: Ratio e/m, 838. 

Carnegie Institution of Washington, see 
IM. 

Centres, geometric and magnetic, of mag¬ 
net, 72, 73, 648; see AT, 

Chalk, susceptibility, 145. 

Charcoal, use in casting, 95. 

Charge: On electron, 28; Ratio e/m, for 
electron, 706, 838; for calcium atoms, 
838; for hydrogen atoms, 838. 

Charts, see M. 

Clay; Susceptibility, 146 brown; clay (iron), 
144; Coercive force of baked clay (bricks, 
vases, pottery), 136, 136. 
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Coal, susceptibility, 146. 

Cobalt; In alloys, 90; Gyiomagnetization, 
706; see steel. 

Coercive force (Ho), 26, 26: For baked clay, 
136; For magnetite, 146; Numerical 
values, for electrolytic iron, steel, 26, 
26; cobalt steel, 26. 

Comets, 394, 396. 

Compound magnetic fields, 6. 
Conductivity, electric (/f), 27, 732; see 
resistivity and (for atmosphere) AT, 
Continental drift, 708. 

Coordinates, see AN. 

Copper; Electric conductivity, 423, 704; 
Damping by, 142; Non-magnetic cast¬ 
ings, 96; Prospecting for, 163. 

Cosmic rays, 483—6; Chart of intensity dis¬ 
tribution, 484 p; Variations with geo- 
ma^etio disturbance, 485 e, 486; Ioni¬ 
zation due to, 483, 512; Deflexion by 
geomagnetic field, 832, 842, 843; see D, 
Couple on magnet, 12; due to dipole, 
76. 

Cupric oxide, susceptibility, 142. 

Curie point {T^) or inversion temperature, 
26, 164, 702, 703; Numerical values, for 
iron, magnetite, nickel, 26; Dependence 
on pressure, 702, 

Curl of a vector, 16; in spherical polar 
coordinates, 736. 

Current, electric; Circuit, 15; magnetic 
field of, 16; circular, 17 e; equivalent 
magnetic shell, 15, 16; Density 110,112, 
732; in current sheet, 18, 19; Function, 
see AN; Rectilinear, field of, 17 e, 18; 
Current sheet 18,19; plane —, field of, 
18 E, 19; spherical —, potential of, 630, 
631; see Air, D, DV, 

Damping, see IM, 

Demagnetization, 24, 26; see M. 

Density, see current, AT, 

Detachment of electrons, see AT, 
Diamagnetism, 24; in brass, 143; in metals, 
781, 784, 786 E; in atmosphere, see D, 
DV. 

Diffusion, see AT, 

‘Dimensions’, of magnetic moment, 11, 
20; of magnetic intensity, 4; of electric 
resistance and resistivity, 418. 

Dipole, IOe; Potential and field, 10 e, 11; 
Force and couple on, 11,12 e, 13; Osoilla- 
tions, 13, 14; Mutual potential energy 
(of two), couple and force, 74-9; see M 
and bar^magnet (XM), 

Dissociation (see AT) potential, for oxy¬ 
gen, 480. 


Divergence (div) of a vector, 23; in 
spherical polar coordinates, 736. 

Dolomite, susceptibility, 146. 

Dolorite, susceptibility, 145. 

Doppler principle, 191; see A17. 

Dynamo, 28; — field, 28; — action of sea 
tides, 445-8; see D, DV, 

Earth; Core, 702, 703, 723; Crust, 702, 
703; Internal structure, 703; -quakes, 
330; Temperatures, 702; Vertical move¬ 
ments, 709. 

Eclipses, see A8, AT, D, DV, 

Electric; Charge; Conductivity, see JResis- 
tivity; Field ; Units, 

Electrolytic iron, magnetic properties, 26. 

Electromotive force (e.m.f.), 27; units, 27, 
28; see dynamo^ D, DV. 

Electron: Charge, 28; Mass, 28; Ratio ejm, 
706, 838; see AT, 

Energy, potential: Of two dipoles, 74; 
Of magnetic field, general theory, 888- 
92; Density of, 361; Gravitational, 871; 
see kinetic, potential, and D. 

Energy levels of nitrogen and oxygen, 477. 

Equal area (see) projections, 

Equipotential; Curves, 9 e; Surfaces, 5, 6, 
8, 9 E, 10. 

Equivalent magnetic distributions: Pois¬ 
son’s (for uniformly magnetized sphere), 
74; Magnetic shell, for current circuit, 
15,16; for current sheet, 629-31. 

Eruptive rocks, magnetic properties, 135. 

Excitation potentials: Of Ng to A 3,914 band 
emission, 477; to Vegard-Kaplan and 
positive band emission, 482; Of NJ“ to 
negative band emission, 482; Of N to 
A 5,206 emission, 480; Of 0 to A 6,677 
emission, 479, 480. 

Ferromagnetism, 24, 26. 

Field, majgnetic, 1; Compound, 6, 7; Mean, 
7; Variation, 7, 8, 64; Space-gradients 
of, 94; see poterUiaZ, current^ relativity, 
sphere, M, D, D V, 8N. 

—, electric; Induced or dynamo, 27; in 
moving sea water, 446-8; general 
equations, 732-5; see relativity, and 
dynamo (DV), electrical (8N), 

Flux, foundry, 96. 

l^orce, magnetic, 1; nee Jleld, intensity, limes, 
and M. 

Forbidden transitions, 480. 

Foundry fiux, 96. 

Gabbro, susceptibility, 144. 

Gamma, imit of magnetic intensity, 4. 
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Gas constant b, 770. 

Gauss, unit of magnetic intensity, 4, 23. 

Geodesy, 42. 

Geology, see M. 

Glacial load, 709. 

Gneiss, susceptibility, 142; anisotropic, 
142. 

Gold, association with magnetite, 163; 
transmission of green light, 478. 

Gradient vector (grad), 6, 12, 20-2; in 
spherical polar coordinates, 736. 

Granite, susceptibility, 144; electric resis¬ 
tivity, 423. 

Graphite, susceptibility, 145. 

Gravitation: Constant of, 167; Suggested 
association with the geomagnetic field, 
701, 707; Contrasted with geomagnet¬ 
ism, 167, 158, 707; Energy, 871. 

Gravity: Acceleration of, on earth, 492; 
on sun, 824; Surveys, 167, 168. 

Gjnpomagnetization, 706. 

Harmonic analysis, see AN. 

Heusler’s alloy, gyromagnetization, 705. 

History of geomagnetic discovery, see 
section titles, Ch. XXVI, p. xxii. 

Hollerith machines, see DV. 

Hydrogen: Atomic mass, 28; Ratio e/m, 
838. 

Hydrographic oflaces, 96. 

Hysteresis, magnetic, 24 r, 26. 

Ice age, 709. 

Induction: Electromagnetic, 26-8; Mag¬ 
netic, 22, 23 v; see D, DV. 

Inequalities, daily, see DV. 

Inertia, moment of, see IM. 

Integrals: Line —, of magnetic force, 16, 
110, 112, 734; of electric force, 733; Sur¬ 
face —, of magnetic induction, 27, 733. 

Intensity, magnetic, 1; units, 3, 4; dimen¬ 
sions, 4; negative gradient of potential, 
6; see magnetization and M. 

Interferometer, see AT. 

International: Astronomical Union, 192; 
Commission on Sqlar and Terrestrial 
Relationships, 66 ^ Council of Scientific 
Unions, 65; Geodetic and Geophysical 
Union, Association of Terrestrial Mag¬ 
netism and Electricity, 66, 361, 464; 
Meteorological Committee or Organiza¬ 
tion, 66; Polar Year Commission, 67; 
Research Council, 66; Union for Scien¬ 
tific Radio (U.R.S.I.), 193; see Kodex. 

Inversion temperature, see Curie. 

Ionization potential of 477. 

Iron, susceptibility. Curie point, 26, 702; 


Electrol 3 rtic, susceptibility, Hq, 

26; Ores, susceptibility (brown clay, red 
spathic), 144; see steel. 

Isostasy, 709. 

Kelvin temperature scale, 487. 

Kinetic energy, 889. 

Kodex of international resolutions on 
geomagnetism, 66. 

Laplace’s equation and operator, 8, 733, 
734; see AN. 

Lava, magnetism of, 136, 136, 144, 164. 

Light, velocity of, 28, 601, 629. 

Limonite, susceptibility, 144. 

Line (see) integrals. 

Lines of force, 9: For schematic magnet, 
9 p; For dipole, 21 p; equation of, 11; 
For uniformly magnetized sphere, 21P; 
Maxwell’s method of drawing, 9; see M. 

Loam, resistivity, 423. 

Magnet, see IM. 

Magnetic: Centre; Coercive; Dipole; Energy; 
Equivalent ; Force ; Field ; Hysteresis ; 
Intensity; Permeability; Poles; Potential; 
Pemanent; Saturation; Shell; Sttscepiu 
hility; see magnet. 

Magnetite: Curie point, 26; Gyromagneti¬ 
zation, 705; Intensity of xnagnetization 
in local anomalies, 702; Susceptibility, 
Hq, 144, 146; Titanium in, 
144, 146; see quartzite, resistivity. 

Magnetization: Induced or permanent, 
23-6; Intensity of (I, /), 19, 20, 22, 23; 
dimensions, unit, 20; iiumorioal values, 
26; see hysteresis, magnetite, saturcUion, 
susceptibility, M. 

Magnetograms, magnotographs, see IM. 

Map (see) projection. 

Mars, 701. 

Mercator’s (see) projection. 

Metastable states of atoms, 480; life¬ 
times in, 480. 

Meteors, see AT. 

Microbars, see bar. 

Millibar, see bar. 

Moon, see AS. 

Multipoles, 616, 644, 668. 

Mu-metal ()u,-metal), 26, 41. 

Nebular lines, 480. 

Nickel: Curie point, 26; G3a*omagnetiza- 
tion, 706; In alloys, 25, 26, 90, 

Nitrogen, see AT. 

Non-magnetic, 27; Preparation of oast- 
mgs, 95. 
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Observatories: Magnetic, see IM ; Earth- 
eleotrio, see WJE. 

Oersted (magnetic unit), 23. 

Ohm, 27. 

Oil prospecting, 163. 

Oxygen, see AT, 

Ozone, see AT, 

Pantographs, 69, 70 r. 

Paramagnetism, 24; in brass, 143. 

Pendnlnm surveys, 157, 158. 

Permalloy, 26, 26. 

Permeability, magnetic (ju), 23; see air, 
svsceptibUHy I Of earth, see M, 

Perminvar, 26, 90. 

Photography, photographs, see AU, IM, 
8N, 

Physical constants: c, velooity of light, 28, 
501, 629; e, electronic charge, 28; Q, 
constant of gravitation, 157; k, Boltz¬ 
mann's constant, 489; m^i, mass of 
electron and hydrogen atom, 28; n, gas 
constant, 770. 

Poles, magnetic, 8: North-seeking or 
north, south-seeking or south, 3; see M. 

Position vector, 5. 

Potential, magnetic, 4, 5; Of magnetic 
pole, 5; Of dipole, 10; Of imiformly 
magnetized sphere, 21; Of finite, regular, 
or schematic magnet, 71-3; Of surface 
distribution over a sphere, 74, 628; Of 
spherical current sheet, 630, 631; Of 
magnetic shell, 629, 630; see also 
energy, and excitation, ioni¬ 

zation, and vector and velocity potentials; 
see also AN, M, D, DV, 

Pottery, see clay. 

Pressure: In atmosphere, seo AT\ Unit, 
SCO har\ see Curie, SN, 

Product, SCO vector. 

Projections, map, 96; Morcator's, 96,114; 
Equal area, 96,114-10. 

Prospecting; Gravitational, seismic, 163, 
158; see also 

Publications; Magnetic, 48, 63, 66, 68; 
Solar, 173, 176, 192, 193. 

Pyrex, 90. 

Pyrites (magnetic), susceptibility, 144. 

Quadrupole, 66S; see muUipoles, 

Quartz: Susceptibility, 146; Elastic pro- 
pertios, 92; see IM, 

Quartzite, mixed with magnetite, 160. 

Radio data, see AT* 

Relativity transformation of eleotrio and 
magnetic fields, 829. 


Remanent magnetization Bq, 26; apparent, 
26; of iron and steel, 26, 26; in rocks, 
164; in bricks and clay vases, 136; of 
magnetite, 144; of serpentine, 144. 

Resistivity, electric: Por copper, 423, 704; 
granite, 423; iron, 704; loam, 423; mag¬ 
netite, 423; rock salt, 423; rocks, 711; 
sand, sandstone, 423; sea water, 423, 
424; soil, 417, 423, 711; for atmosphere, 
see AT; Measurement, see EE; Units, 
418. 

Rook salt; Magnetism of, 145, 163; 
Resistivity, 423; Susceptibility, 146. 

Rocks: Magnetism of eruptive or igneous, 
136, 144-6, 154; sedimentary, 145; 
Resistivity, 711. 

a 

Salt domes, 153; see rock. 

Sand, use in casting, 95. 

Sandstone, resistivity, 423. 

Saturation, magnetic (Ijnax)* ^^9 

Scale-height, see AT, 

Schematic (see) magnet (IM), 

Sea water; Resistivity, 423, 424, 711; 
Salinity, 424. 

Sediments, susceptibility, 145. 

Serpentine, susceptibility, 144. 

Sheet, see current. 

Shell, magnetic, 16; Equivalence of field 
with that of current-circuit, 16, 16; 
Magnetic potential of spherical non- 
uniform shell, 629, 630. 

Soil, resistivity, 417, 423, 711. 

Solenoid, 18. 

Sound, see AT. 

Spathic iron, susceptibility, 144. 

Sphere, uniformly magnetized, 20; Field 
and potential, 20, 21 v, 103, 1051*; 
Magnetic moment, 22; Equator and 
axis, 21, 22, 103; Lines of force, 21 p; 
equation of, 11. 

Steel, tempered, untempered (susceptibi¬ 
lity, Hq, Ivn^v * Bq), 26, 26; oobalt, 24, 26, 
67, 80, 92, 645; tungsten, 26, 90; splin¬ 
ters in castings, 95. 

Storoosoopio drawings, 68, 69 p, 102, 121, 
129 7, 317, 842 P (see M). 

Surface (seo) integral. 

Surveys, see gravity, MB, IM. 

Susceptibility, magnetic (k), 23; Numeri¬ 
cal values, 23-5, 144, 146; seo permea^ 
bility. 

Temperature, see Curie, AT, AU, IM, 

Tides: Sea, 447; dynamo action of, 445-8; 
Atmospheric, see AT, 

Time, see A8, IM, 
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Titaniiam (effect on susceptibility of rocks), 
144, 145 ; In magnetite, 145. 

Tungsten; Steel, 26, 90. 


Units: Angstrom, 166; Of distance, 4; Of 
force, 4; Of pressure (bar, etc.), 488, 
489. 

—, electric: Of charge, 28; Of current 
(e.m. and ampere), 15; Of electromotive 
force (e.m. and volt), 27; Of resistivity 
(e.s. and ohm cm.), 418; see units 
(magnetic), 

—, magnetic: Of force or intensity (F or 
3, 4; gauss (P), gamma (y), British, 
Humboldt’s, proportional, 4; oersted, 
23, 24; Of induction (gauss), 23, 24; Of 


intensity of ma.gnetization (I), 20; Of 
moment, 11, 20; Of pole strength, 4. 

Ursigrams, 193. 

Vector: Potential (A), 732-7; Product, 
scalar, 5, 12, 16, 27, 74; vector, 11, 13, 
27, 28, 77; see curl, divergence, gradient, 
integral, and vector charts (M), vector 
diagrams (D, UF, EE); see also AN, 

Velocity: Of light, 28, 501, 529; Potential, 
of air motions, 768; see DF. 

Volcanic: Dykes, 154; palaeozoic, 135, 156, 
157 F; Eruptions, 330. 

Volt, 27. 

Vortices: Current, 311; Solar, 191. 

Zeeman effect, see AV, SN, 


AN: Analysis: statistical, harmonic, and spherical harmonic 


Analysis, see harmonic, spherical ha/r^ 
monic. 

Approximation by finite series: Trigono¬ 
metrical functions, 552, 553, 556-8; 
relation to Fourier’s series, 559, 560; 
General orthogonal functions, 553; 
Minimum criterion, 552, 553, 556-8; 
Convergence, 550, 554, 561, 562. 

Associated Legendre functions, see spheri¬ 
cal functions. 

Bessel’s inequality, 554. 

Brownian movement and random path, 
604, 605, 

Ces^uo sums, 561 f, 562. 

Clouds of points, 373, 374, 690, 670, 671 F: 
Axis ratio, 672; Centroid, 690; Dis¬ 
persion, 671; Ellipsoidal, 670-2; Gauss¬ 
ian distribution, 670-2, 676; Probable 
error, 574; circle, 681; ellipse, 672; 
examples, 641, 672-7, 682; Expectancy 
or root-mean-square radius, 690, 696; 
Shrinking clouds, 692; ‘Explosion’ of 
clouds, 373; Examples of clouds: 27-day 
waves in 0, 696 f, 596; semi-annual 
waves in O, 601 f-3 ; at Huancayo, 
for D, 673, 674f, 675; for H, 679-81F, 
682 F, 683; at Watheroo, B, Y, Z, 675, 
676 f-8 f, 679 f. 

Conservation, 643, 682, 683 F: Positive, 
negative, 682, 683 f; Measure of, 684; 
Equivalent number of repetitions, €{h), 
684; Effective number of random ordi¬ 
nates (among h), 684; In sets of ordi¬ 
nates, 686-9; In geomagnetic activity. 


356, 407, 685, 686; in sunspot data, 686, 
686; in mortality data, 686; Errors due 
to neglect of, 603, 604. 

Coordinates: Geomagnetic, see M; see 
cytmdHcal polar, spherical polar. 

Cornu spiral, 672. 

Correction (of harmonic coefficients) for 
smoothing, 562, 563 F. 

Correlation; Coefficient, 367, 368, 670, 671; 
Surface, 678; Coimexion with harmonic 
analysis, 568, 569; Between successive 
averages in time series, 585; Between 
geomagnetic activity and solar activity, 
370-4 FF, 376-81; or radio transmis¬ 
sion, 604 F. 

Curl, see O. 

Current-functions on a spherical surface, 
630; inferred from magnetic potential, 
631. 

Curvature in time series, 647-9; spurious 
interpretation, 648. 

Cylindrical polar coordinates, 836 F: Ac¬ 
celeration and grad in terms of, 836; 
V* in terms of (case of axial symmetry), 
836; see spherical, 

8^613;8j?, 641, 642. 

Deviation, 667: Standard, 367, 368, 657, 
574; relation to harmonic coefficients, 
667; Two-dimensional case, 671. 

Dial, see harmonic, summation. 

Differences, use in harmonic analysis, 649, 

668 . 

Disturbance, geomagnetic, statistics of, 
366—96; see D, 

Divergence (div), see Q, 
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641, 642. 

Eliniination of non-periodic variation in 
harmonic cuaalysis: 649, 660, 661; see 
non-cyclic. 

Equidistant values, 666-8; Relation to 
continuous function, 669, 660. 

EiTor(s); Average, 674; Elementary, 673; 
Effect on harmonic coefficients, 681, 
682; Mean, 367, 667, 674; Normal law 

of, 674; Probable —, 674;-circle, 

641, 681; ellipse, 672; ‘Propagation* of, 
646; Theory of, 672, 673; True and 
apparent, 674. 

Expansion of (1 —616, 617 p; 
see Fourier'Sf approximation, spherical 
harmonic expansions. 

Expectancy, 676, 678, 690, 696, 696. 

Folding process, scale, synthesis, 672. 

Fourier’s: Theorem, 660; extension to any 
orthogonal functions, 663; Expansion, 
660; uniqueness, 663; of zero function, 
662, 563; ofain^x^ cos«x, 619. 

Gibbs’s phenomenon, 661 r, 662, for series 
of spherical harmonics, 620. 

Gradient vector (grad), see 0, 

Graphs of Legendre (F„) functions, 608 S’; 
and functions, 614 v, 634 f. 

Harmonic analysis, 660: Of daily varia¬ 
tion, 63, 64, see DV; Of symmetrical 
and anti-symmetrical functions, 661; 
of random numbers, 679-82; Theory of, 
for sets of equidistant values, 666-8, 
669, 660 F; Formulae for, 667; Influence 
of smoothing, 662, 663; Correction for 
use of hourly means, 662, 663 v; Use to 
illustrate recurrence tendency, 667,668, 
694 F, 695 F, 696 F, see clovds ; Computa¬ 
tions for, 666-9, 672, 606; Mechanical 
and optical analysers, 669,672; Graphical 
methods, 669-72, 673 F; Observational 
errors, 681, 682; see clouds, correlation, 
deviation, differences, elimination, fold- 
irig, spherical, 

— coefflcients, 650: Suitable accuracy for, 
669; For set of random numbers, 579- 
81; Uncertainty due to observational 
errors, 681, 582; Variability of, 669-83; 
see harmonic analysis and elimination, 

— components, 546, 562. 

— dial, 563-5 F; Generalized, 693, 594; 
Vector addition on, 564; Change of 
time-origin, 664, 565; Examples: for 
lunar atmospheric tide, 641 f ; for diur¬ 
nal waves F, Z, Potsdam), 666, 


566 F; see clouds, summation, and D, 
DV, 

— folding process, 669-70r-3F; synthesis, 
672. 

— functions (solutions of = 0), 616: 
Degree, 617 ; Examples of, 616; Genera¬ 
tion of, 616; Homogeneous, 617, 618; 
Spherical, 617, 618. 

Hollerith methods of harmonic analysis 
for L, 244, 549, 669. 

Integral theorems.or formulae: For 
609; For P5?, 610; For surface harmonics, 
611, 612, 627, 628; For spherical har¬ 
monic coefficients, 612, 613. 

Invariance of vector dipole moment of 
magnetic field in relation to change of 
origin, 660; see centre (M). 

Laplace’s: Equation, 8, 616; Operator 
(V**), 8; in spherical polar coordinates, 
618; in cylindrical polar coordinates 
(case of axial symmetry), 835, 

Least square method, 368, 632. 

Legendre functions, 664^6, 608 F, 611; 
Formulae for, 608, 609; Graphs of, 608f ; 
Average over sphere, 609; Normaliza¬ 
tion of, 609; Expansion of (1—2/ur H- 
616, 617; Expression relative to oblique 
axis, 621F, 622; Associated, see 
functions. 

Linear relation, 368. 

Maxwell’s theory of poles, 616, 644, 668. 
Minimum criterion, 662, 653, 666-8, 607. 
Morphology of time series, 682-606, 
Multipoles, see Maxwell, 

nU, 610. 

Non-cyclic variation, 63: On selected days, 
646, 647; Elimination of, in harmonic 
■ analysis, 646, 647; Correction for, to 
harmonic coeffioients, 660 f, 661, 
Non-potential field, 640; see separcction. 
Normalized; iFunotions, 661-3, see Le¬ 
gendre, spherical ; Variables, 368. 
Notation for spherical functions, 610, 612, 
638. 

Observatories, magnetic: faulty distribu¬ 
tion in relation to spherical harmonic 
analysis, 634; see IM, 

Ordinates, see romdom, sets. 

Orthogonal: Polynomials, 554; System of 
functions, 551; construction of, 555, 
656; see approximedion. 

Orthogonality of functions, 561. 
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Parsevars theorem, 669. 

Pearson’s problem, 674, 676. 

Periodic: Components, 646, 662; Func¬ 
tion, 646; Times, 646. 

Periodogram, 589-93; Persistence in rela¬ 
tion to, 689-93. 

Persistence (or quasi-): Curves, 689 f; 
Relation to statistical tests for periodic 
components, 686-9 ; to the periodogram, 
689-93; Asymptotic, 688; Intermittent, 
693, 599-600; Infectious, 693; In S, 
679; In 27-day recurrence tendency, 
694-601 F. 

Polynomials, 664: Orthogonal, 664, 656; 

Legendre — (or functions), 666. 
Population, statistical, 682. 

Potential over a surface expressed as a 
spherical harmonic series, 628: For 
double layer or shell, 629, 630; For 
spherical current shell, 630, 631; For 
linear circular current, 896. 

Primitive seta, 669. 

Probability, 674, 600; see error. 

Progressive changes, 649, 668. 

Quasi (see) persistence. 

Random: Numbers, 676 f, 679-83 f-6; 
harmonic coefficients for, 679-81; indi¬ 
vidual and average sets, 687 F; Ordi¬ 
nates, effective number of, 684; Walk, 
674, 676 F, 576 F, 693, 604; asymptotic 
solution for, 675-9. 

Rayleigh’s formula, 678. 

Reality of periodic components, see tests. 
Repetitions, equivalent number of, 684. 
Representation of functions: Of one vari¬ 
able, see series; Of position 0 ]pL a sphere, 
606. 

Residuals, 657, 694. 

Separation of field kno-vm over spherical 
surface, into internal and external parts, 
624-6, 699, 700: Formulae for, 625; 
Schmidt’s formulae, allowing for cur¬ 
rents crossing the surface (non-potential 
field), 632, and ellipticity (of spheroidal 
surface), 633, 640-2; see spherical har- 
wonic cmcd/yais. 

Sets of ordinates: Individual, 586, 669; 
primitive, 669; average, 686, 669; Equi¬ 
valent number of repeated sets, 688, 
697; Effective number of independent 
sets, 688. 

Sine wave, 649: Accidental, 602; Ampli¬ 
tude, phase, 660; Test of reality, 602; 
see vector. 


Smoothing (correction) factor, 662, 663 F, 

Spherical functions (or associated Legendre 
functions), 655, 607, 609, 610: Degree 
(n), 609; Order (m), 609; Formulae and 
tables for, 609, 610, 612; expressed in 
terms of their roots, 614, T12, T13; 
Differential equation for, 619, 620; 
Orthogonality, 610; Transformation for¬ 
mulae, 622-4; Forms used by Gauss and 
Laplace (here and by Schmidt written, 
p«.m)^ 610, 612; by Adams, Maxwell, 
Neumann (here written 
and other writers also written as P^, 
QZ 2T, 609, 612, 622, 623, 689; by 
Schmidt (and for a time by Schuster), 
later discontinued (completely normal¬ 
ized), Pn, 612; by Schmidt (here used, 
and denoted by PJ^) (semi-normaHzed), 
611, 612, 638; Product integrals of, 610; 
Graphs of, 614 f; Ratios P^^IP^*Z 
610; 612, 689. 

— harmonic analysis: Methods of Schus¬ 
ter, 634-7; of ISchmidt, Neumann, See- 

liger, 637; Difficulties of, 638; see- 

coefficients and — — functions, also 
potential, separation ; Of main field, see 
M; of L and S fields, see DF; of D field, 
see D. 

-coefficients, 612, 613: Ambiguity and 

mutual dependence of, using limited 
data, 633; examples of, in analysis of 
noain field, 633; of secular variation 
field, 633, 634 f ; see preceding item. 

-expansions or series, 606, 607, 610, 

611; Coefficients in, 612, 613; Conver¬ 
gence, 620; Uniqueness, 620, 633; For 
P^ relative to oblique axis, 621, 622; 
see potential. 

-functions, 617: Associated forms 

7^3n and 8Jr'^\ 618; General forms, 
620; Change of origin, 660; Use in cal¬ 
culations on electromagnetic and mag¬ 
netic induction, 714, 732-48; Numerical 
values of (and for their derivatives) at 
magnetic observatories, 633; see spheri¬ 
cal surface harrrionics. 

— polar coordinates, 606, 607 f; Curl, div, 
and grad in terms of, 736; V* in temis of, 
618. 

— surface harmonics, 611; General, 618, 
620; Of degree n, order m, 611; Sectorial, 
tesseral, 615 F; Zonal, 607, 608 F, 611, 
616 F (see Legendre); Product integrals, 
611; Transformations, 620, 621; In¬ 
tegral theorem, 627, 628; Zero-lines of, 
616 F. 

Spheroidal polar coordinates, 633, 640. 
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Standard (see) deviation. 

Statistics (or statistical): Aspects of 
activity measures, 366, 393, 394; In¬ 
fluence of excluding disturbed hours (in 
calculating L), 268-70 f; Population, 
682; In geophysics, 356, 366, 643; Ap¬ 
propriate time-unit, 686. 

Summation dial, 693: Use to illustrate 
27-day recurrence tendency, 697, 698 F, 
699F-601, or semi-aimual wave in D, 
602, 603 F. 

Superposed epoch method, 382-4, 396- 
400; see D. 

Tests for periodic components, 602: In¬ 
fluence of persistence, 686-9; Examples, 
601-3; Misconceptions, 603-6. 


Tidal calculating machine or harmonic 
analyser, 569. 

Time series, 646. 

Time unit, appropriate statistical, 686. 

Transformation formulae: For jPJf, 622-4; 
For spherical harmonic function, change 
of origin, 648-61; For i^, to oblique 
axis, 621. 

Variability, 643, 

Variance, 667, 674. 

Vector representation of sine-waves, 664, 
666 F. 

^n,7n* ^ 89 . 

Zonal: Distribution, 607; Harmonics, see 
Legendre, spherical harmonic functions. 


AS: Astronomical {including time, the seasons, etc., but excluding solar 

^physics) 


Age of moon (v), 164, 252, 680: Change per 
solar day, 164. 

Almanacs; Nautical, 160, 162; Ameri¬ 
can Ephemeris, 160; Lunar geophysical, 
164. 

A.m. hemisphere, 66. 

Angular diameter*. Of the earth viewed 
from the sun, 414; Of the sun viewed 
from the earth, 161; Of the moon viewed 
from the earth, 164, 817. 

— velocity of the sun, 168-72 ff, 413, 414, 
706. 

Annual events, 161. 

— variation: Of aspect and orientation 
of the earth viewed from the sxm, and 
vice versa, 160 f ; Of sun’s distance, 169; 
Of sunrise times, 622, 623 ff ; see height. 

Anomalistic month, 399. 

Aphelion, 169, 161. 

Apogee, lunar, 162, 166, 263, 639: Revolu¬ 
tion of, 162. 

Apparent time: Solar, 60, 61 f, 163 f, 
768 f; Lunar, 163 F, 164. 

Ascending node: Lunar, 165; On sun’s 
equator, 169, 161 f; celestial longitude 
of, 169. 

Aspect: Of the earth viewed from the sun, 
66, 160 f; from above the north pole, 
61 F, 163 F, 768 F ; Of the sun viewed 
from the earth, 160 f. 

Axis of rotation; Of the earth (geographic), 
3, 60, 69, 160, 161; inclination to the 
ecliptic, 169-61 ff ; shown by stereo¬ 
gram, 68, 69; Of the sun (heliographio), 
169-61 FF. 

3595.30 n 


Carrington’s; Prime solar meridian, 169; 
annual change in interval between suc¬ 
cessive passages, 401; Elements, 162,169; 
see D, 8N. 

Celestial: Equator (*= earth’s), 161; Globe, 
161 f; Longitude, 169. 

Central solar meridian, 169, 172. 

Colatitude or (angular) polar distance: 
Geographical, 22 (see also M and 
latitude). 

Daily, 194. 

Dark or night hemisphere, 66. 

Day; Solar, apparent, 61, 164; mean, 
Greenwich or local, 61, 164; Lunar, 
apparent, 164; mean 162, 163. 

Daylight, duration of, at different lati¬ 
tudes and seasons, 609-11, 522, 623. 

Day-number, Julian, 162, 416. 

Day or sunlit hemisphere, 66. 

Decimation; Solar, 169,161 f, 507; Lunar, 
162. 

Diameter or radius: Linear, of the earth, 
666, 704; of the moon, 822; of the sun, 
166; see angular. 

Distance from the earth: Of the moon, 162, 
818; Of the sun, 169, 413. 

Diurnal, 194. 

Draconitic month, 162, 399. 

East and west on the sun, 166. 

Eccentricity, see orbit. 

Eclipses, solar, 166, 814: Annular, total, 
817; Optical, 814-16F-18; Corpuscular, 
816-20 F, 821 f-3 f; Umbra, penumbra, 


3s 



1026 


ASTRONOMICAL (TIME, SEASONS, GEOMETRY) 


AS 


Eclipses {conU) 

816, 816 F, 819, 821-3; see AT, D, and 
DV. 

Ecliptic, 159-61 F, 816. 

Eighths of the month, 162. 

Elements of sxm, Carrington’s, 162, 169. 

EUipticity of the earth, 640. 

Ephemerides, 162, see almanacs. 

Equation of time: Definition, 61; Numeri¬ 
cal values, 64. 

Equator: Celestial (= earth’s), 161 r; 
Geographical, 159-61; Solar, 159-61 r. 

Equinoxes, 159-61 p, 507; Vernal, 61; 
Equinoctial four-monthly season, 160. 

Escape, velocity of, from sun, 191, from 
earth, 496. 

First quarter, 162. 

Full moon, 162. 

Geocentric position of sun, 367. 

Geodesy, 42. 

Gravity: At surface of earth, 492; of sun, 
824. 

Greenwich: Day, 61; Time, 60, 61 F, 64. 

Gottingen time, 61. 

Height at which the sun is visible at mid¬ 
night: annual variation, 524 r. 

Heliocentric position of earth, 367. 

Heliographic: Latitude of the earth or the 
‘centre’ of the sun’s disk, 159, 160-2; 
Longitude of ditto, 162; of any solar 
point, 169. 

Hemispheres of earth: a.m., p.m., day 
(sunlit), night (dark), 65. 

Julian day-number, 162, 416. 

Latitude: Geographical, 22, 64 (see also 
M); Heliographic, 159, 160-2. 

Light-time from sun to earth, 828. 

Limb of sxm, 165, 166. 

Local day, t^, 60, 61, 163, 164. 

Longitude: Geographical, 60, 61 r, 64 
(see also M); Heliographic, 162, 169. 

Lower transit, 163, 249. 

Lun^: age, alminac (geophysical), angular 
diam&er, apogee, ascending node, day, 
dedinaMon, diameter, distant, mordh, 
orbit, perigee, phases, tidal action, time, 
transits, 

Ltmation, 162. 

Mean: Moon, 163, 164; Sun, 163. 

— time: Solar (Greenwich or local), 60, 
61, F, 64, 65; Lunar, 163, 164. 


Meridian: Geographical, 3, 60, 61; Solar, 
central, 169, 172; prime or zero (Car¬ 
rington’s), 169,172,401; Half-plane, 60; 
Midnight, 60; Noon, 60. 

Midnight, 60, 61, 64; meridian, 60; »oe 
height. 

Month: Anomalistic, 399; Draconitic, 399; 
Sidereal, 162, 399; Synodic or lunar, 
162. 

p, 164, 680. 

V, see age. 

New moon, 162. 

Night hemisphere, 65. 

Node, see ascending. 

Noon meridian, 60. 

North polar distanco (geographical), 22, 
64; see also M, 

Oblateness of the earth, 640. 

Orbit: Of the earth, 159; Of the moon, 
162; varying eccentricity, 162; varying 
inclination, 162; revolution of polo, 
162. 

Orbital motion and period: Of the earth, 
159, 65; Of the moon, 162-4. 

Orientation: Of the earth viewed from tho 
sun, 65, 160 S’; Of the sun viewed from 
the earth, 160 F, 

Perigee, lunar, 162, 165, 539; see apogee, 

Perihehon, 159,161. 

Period of rotation'. Of the sun, in different 
latitudes: sidereal, synodic, 169; Of 
Carrington’s prime meridian, 169; Of the 
moon, see month ; Of the earth, see day. 

Phases of the moon, 162. 

P.m. hemisphere, 65. 

Polar distance, see colatitude, 

Poles of rotation axis: Geographical, 60, 
^8, 69, 1601’, 161F (see also M); Of the 
sun, 160 F, 161 F, 168. 

Prime or primary or zero meridian of longi¬ 
tude-reckoning on the sun, 169, 180. 

Quadrants of the earth, 65. 

Quarters of the month, 162. 

Radius, see diameter. 

Rotation: Of the earth, 61; Of the sun, 
165, 168-72 FF, 413; non-uniform, 168— 
70 F, 180-2; Of the prime meridian, 169.; 
see period. 

Rotations, of the sun, 169; Carrington’s 
numeration, 169; Bartels’s 27-day rota- 
tions and their numerations, 407. 



AS 


ASTRONOMICAL (TIME, SEASONS, GEOMETRY) 


1027 


Seasonal change, 639. 

Seasons, 169-61, 607; Four-monthly^, e, d, 
160. 

Sidereal: Lay, 169; Month, 162, 399; 
Rotation period, of the sim or of its 
prime meridian. 

Solar: angular diameter, aphelion, ascend¬ 
ing node, aspect, axis, day, declination, 
distance, east, eclipses, elements, equator, 
geocentric, heliographic, limb, meridian, 
orientation, perihelion, poles, rotation, 
rotations, solstices, tidal, time, west. 

Solstices, 169, 161, 607. 

Standard or zone time, 61. 

Summer, northern, 607. 

Sunlit (or day) hemisphere, 66. 

Sunrise and sunset times at different 
seasons and latitudes, 622, 623 fi*. 


Synodic: Month, 162; Rotation period of 
the sun or of its prime meridian, 169. 

Tidal force: Lunar, 639; Solar, 641. 

Time, 60, 61 f, 162, 163 f, 768 f; see 
apparent, mean time, zonal. 

Transits, lower or upper, of moon, 163, 
164, 249. 

Twilight circle, 66. 

Variables of terrestrial position, 64, 66. 
Velocity of escape. 

West, see east. 

Yearbooks, astronomical, 162, 164. 

Zonal (or zone) mean time, 61. 


AT: Atmospheric topics {including atmospheric electricity, the ionosphere, 
and radio data, but not the aurora) 


Abnormal: Ionization; Sound propagation, 
627. 

Absorption of radio waves: Luring fade- 
outs, 499, 602; In high latitudes, 600; 
Luring magnetic disturbance, 600, 881. 

— of ultra-violet light (SN): By ozone, 
497, 498; by oxygen, 497, 498; by 
nitrogen, 498; in ionosphere, 604, 626, 
763, 791; Theory of, monochromatic, 
604-6 f-9f, 610 f, 611 f; band, 611; 
Coefi&cient of (A), 604, 611, 612; see 
dissociation, production. 

— spectra, 496, 497. 

Affinity, see attachment. 

Air: composition, density, pressure, tempera- 
inire, see also Q. 

Air-earth current, 110-13, 433: Lirectly 
measured, 112; Inferred from line- 
integrals (M), 110-13; Cause of non¬ 
potential field {M), 663-6. 

Angular velocity of charge in magnetic 
field, 631, 633-8; Of electron (a>^), 601, 
631, 633-8; Of ion (w^), 631, 633-8; 
Numerical values, 631, 636. 

Anticyclones, 638. 

Argon: Percentage in air, 488; Scale- 
height, 492; Effect on oxygen spectrum, 
479. 

Atmospherics, 364; Recurrence-tendency 
(also see D, AU), 412. 

Atomic: ; Oxygen \ Spectral lines, 

see green, red. 

Attachment of electrons, 612, 613: In B, 


and Fa layers, 626, 626; Coefficient 
(a^), 613; Theory of, 626. 

Bands: Nitrogen, 477,481-3,496,498; posi¬ 
tive group (Na), 477,482; negative group 
(Na"**), 477, 482, 483; of frozen solid, 477, 
478; Vegard-Kaplan, 482; variation 
with height, 482, 483; Oxygen, 479. 

Bar (unit of pressure), microbar, millibar, 
488, 489. 

Barometric variations, 638-42,764,764-6; 
‘curvature’ in, 647. 

Brightness of night-sky, 481, 482; of green 
light, 481, 482; of star-light, 482. 

Carbon dioxide; Percentage in air (vari¬ 
able), 488; Scale-height, 492. 

Clouds: Tropospheric, 487; possible in¬ 
fluence on ionosphere, 793; Luminous 
night —, 496, 638; Mother of pearl —, 
496; Height and velocity, 496; On Ben 
Nevis, 433. 

Collision frequency (y), 600, 629, 630, 634: 
At ground, of electrons (v^), 601; In 
ionosphere, 601, 633-8; in Fj layer, 
601, 629; in Fa la'y©r» 530; Of ions (v^), 
633-8; in F^ layer, 636; in Fa layer, 
601, 636; Ratio vjv^, 631; Frequency 
distribution of v or t, 634. 

— interval (r, t^, T^), 629, 630; Fre- 
* quency distribution, 634; see preceding 
item. 
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Commerciality (P), radio ; relation to mag¬ 
netic activity, 602, 604 r. 

Composition; At low levels, 488 ; In strato¬ 
sphere, 496, 496; at high levels, 493-6, 
627; spectral evidence, 496-8; see 
diffusion, dissociation, mixing. 

Condensation, 488. 

Conduction, thermal, 493. 

Conductivity (/c), electric, or resistivity 
(/o): Theoretical formula, 633; in pre¬ 
sence of magnetic field; k\\ (direct), 633; 
Kx (transverse), 634; contribution per 
charge (to /f||, /cj_), 636; height-maxi¬ 
mum (for «j_), 636; level of, 636; Kume- 
rioal values, in troposphere (k), 434; of 

. K± per charge, maximum value, 636; k 
inferred from dynamo theory (Schuster), 
756. 

—, integrated throughout ionosphere (K), 
764: Numerical estimates from radio 
data (for ^3^8. 768, 769; from 
dynamo theory of S, by Schuster, 764; 
by Chapman, 768; Daily variation, 762, 
763, 760, 761; Geographical distribution 
(theoretical), 764-6, 760, 761; Seasonal 
variation, 763, 764, 760-2. 

Convection (currents) in the tropo¬ 
sphere; Turbulence, 487, 496,638; Solar 
semi-diurnal winds, 638, 641; Mixing, 
494r-6. 

— in the ionosphere: Observed winds, 495, 
638; Currents associated with baro¬ 
metric variations, 638, 641, 642, 763, 
766, 767, 761, 762; Dynamo effects 
(D, JDV), 761-76, 885-7; Variations 
with height, 496, 638, 641, 642, 763, 767- 
9, 762, 763; Annual or seasonal varia¬ 
tion, 760,762; Diagrammatic representa¬ 
tions, 764, 7661', 775 F, 776; Day- 
to-day changes, 793; Velocity-potential, 
768, 770, 773; Mixing, 494-6. 

Corpuscles from sun; depth of penetration 
into earth’s atmosphere, 809, 810. 

Cosmic rays (see O): ionization by, 612. 

Critical penetration frequency (/p), 600; 
for ordinary reflected wave (/po), 601, 
603 F. 

Currents: air-earth (electric), convection, 
ionospheric. 

Cyclones, 638. 

D layer of ionosphere, 498, 499; Height, 
498; Scale-height, 601; Sunspot cycle 
variation, 499; qoq fade-out. 

Decimal scale-height, 491. 

Density (p): At the ground, 493; At higher 
levels, 627-9; theory of, 488-93; Partial^ 


of air constituents, 489; see number- 
density. 

Detachment of electrons, 513; In E, Ex, 
and layers, 626; Coefficient of (8), 
613; Theory of, 626. 

Diamagnetism of ionosphere, 780-2,783-6, 
788, 789; see D, DF. 

Diffusion, 493-6: Of ions and electrons, 
625; Coefficients (Di^) for various gas- 
pairs, 494; variation with height, 494, 
495; Thermal, 493. 

Dissociation: Oxygen,497,498,612, 627-9; 
— potential of, 480; conversion of 
energy of —,491, 498; Nitrogen (during 
aurorae), 498; Theory of simple —, 604- 
11; and recombination (in terms of ions 
and electrons), 513-22 ff. 

Dissociative equilibrium, 786. 

Drift of electrons and ions: Theory of, 
631-5; In the ionosphere, 782, 787, 788; 
see DV, 

Dynamo action, see convection and D, DV. 

E layer of ionosphere. 

Echoes (radio) of long delay, 879. 

Eclipses (see AS, D, DV)\ Variation of 
electronic number-density during —, and 
test of ionizing agent, 600, 814, 816, 
822, 823. 

Electric: Conductivity, Currents (odr-earth 
and ionospheric); Potential gradient. 

Electromotive forces in ionosphere, 766 F, 
766, 776 F, 777 F. 

Electron or ion (see 0)\ angular velocity, 
affinity, attachment, collision frequency 
and interval, contribution to electric 
conductivity, detachment, drift, free paths, 
gyro-frequency, number-density, produc¬ 
tion, ratio, recombination, spiral radius, 
velocity; from sun, see AV, D, SN, 

Elmo’s (St) fire, 434, 467. 

Emission spectra, 496, 497. 

Energy: Of atmospheric dissociation, 498; 
Of night-sky light, 481, 482; Of its green 
component, 481; its source, 498; Of 
nitrogen line, 480; Levels of oxygen and 
nitrogen, 477. 

Escape of helium and hydrogen, 496, 497. 

Evaporation, 488. 

Excitation: Of spectra; potentials, see Q, 

Expansion of layer; By day, 603 F, 626; 

During magnetic storms, 499. 

Extraordinary reflected radio wave, 601. 

F, Fx* ^2 layers of ionosphere, 

Eade-outs, fading of radio waves during 
splar flares or eruptions (SN), 343-9 ff : 
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Characteristics, 343 p, 349,392,500,502, 
503 F, 791; Dellinger’s statistics, 343- 
9 PP; The layers where absorption 
occurs, 349, 499, 500, 502, 503 p, 763, 
791; Ionizing agent, 512, 791; Sug¬ 
gested recurrence tendencies, 801; 
Association with augmentation (of S^^), 
earth-electric disturbances {EE), 343 p, 
solar eruptions {SN) or flares, 328,333-5, 
343-9, 392, 394, 763, 790-2. 

Fire-balls, 496. 

Fog, 433. 

Free path (2), 529, 634, 636: Electronic (y, 
499, 531, 532, 634; Ionic (ZJ, 631, 532, 
634. 

Frequency, collision, critical, gyro, penetra¬ 
tion, —distribution of collision frequency 
and intervals, 

0 layer of ionosphere, 498. 

Green: Light of aurora, see colour (AU): 
Line of atomic oxygen, 476, 478; energy, 
excitation potential {Q)‘, identification, 
477-80 ; interferometer measures of 
wave-length (A) and breadth, 478 p-80, 
483; production in laboratory, 479; 
Zeeman pattern, 480; In aurora, 476- 
81; height-variations of relative inten¬ 
sity, 482 p, 483; and of breadth, 483 p ; 
In night sky, 478, 479, 481, 482; asso¬ 
ciation with magnetic activity and sun¬ 
spot cycle, 481, 482; brightness and 
energy, 481, 482; number of atomic 
transitions, 481. 

Gyro-frequency of electron 601 j see 

angular. 

Haloes, polarization of light of, 476. 

Heating of ionosphere: By light-absorp¬ 
tion, 525, 792 ; By electric currents, 755. 

Helium: Percentage in air, 488, 496, 497; 
Scale-height, 492; Diffusion, 494-6; 
Escape, 496, 497; Output, 496; Absence 
from atmospheric spectra, 477,496,497; 
Influence on density at high levels, 629. 

Hydrogen; Percentage in air, 488,496,497, 
529; Scale-heights, 492; Diffusion, 494r- 
6; Escape, 496; Absence from atmo¬ 
spheric spectra, 477, 496, 497; Influence 
on density at high levels, 629, 

Ions, see electrons*. Positive and negative, 
512, 513; Mode of recombination, 526, 
527; Equal individual contributions to 
conductivity, 633; see nitrogen, oxygen. 

Ionosphere; D, E, E {Ei, E^), G layers, 
498-602 p; Separation of E into E^ and 


498, 503 p; Sporadic or intermediate 
j®a layer, 498; Height (E, E), 498, 503 p ; 
{El), 601, 503 P; {E^), 503 P; Variation of 
Fa height, daily, 503 p ; during magnetic 
storms, 499; Thickness {E, E), 498, 612; 
In high latitudes, 600; Ionizing agent 
and absorbing gas, 500, 512, 525; as in¬ 
ferred from ellipses, 814, 816, 822, 823; 
see conductivity, electron, fade-outs, tem¬ 
perature. 

Ionospheric currents, see D, DV. 

J (unit of cosmic-ray intensity), 483. 

Lunar atmospheric tide, 639-40 P, 641 P, 
642; At high levels, 642, 766, 767-66, 
792, 793; Annual variation, 641 p, 760. 

Mean/ree path. 

Meteors: Annual recurrence, 367; Twisted 
trails, 495, 538; Possible ionizing action, 
499, 612; Theory of, 627. 

Microbar, see bar. 

Midnight sunlight, 624 p. 

Millibar, see bar. 

Mixing, 487, 494-6. 

Molecular mass, 489, 529; Mean {m^) for 
air, 489; numerical value at ground, 
493; variation with height, 501, 627-9. 

Motions, see convection, lunar. 

Keutral corpuscles (ionization by), eclipse 
test, 814, 815, 822, 823. 

Night-skylight, 478, 479, 481, 482, 496-8: 
Green line, 478, 479; Nitrogen bands, 
478, 481; Energy and brightness, 481, 
482; source of, 498; Excitation, 482, 
498; Geographical distribution and 
variations, 478, 481; Polarization, 482; 
Spectral constitution, 478, 481, 482; 
Variations of intensity, during the night, 
481; the sunspot cycle, 482. 

Nitrogen: Percentage in air, 488; Scale 
heights, 492; Presence at high levels, 
496-8; Absorption of ultra-violet light, 
498, 512; Atoms, presence (neutral and 
ionized) during aurorae, 480, 481, 498; 
spectral lines, 480,481; Dissociation and 
ionization, 498, 612; Energy levels, 477; 
Solid crystals, 477, 478; Spectral bands, 
lines 477, 480; Ionized, 477. 

Non-polar aurora, 478, 481; see night-shy. 

Number-density of air molecules (n), 489: 
At ground, 493, 601; In E layer, 602, 
630; in E, 502, 630; Theory of height- 
variation, 488-93. 

-of electrons {nf), 500, 512; and ions 

(«'^> n), 600, 512, 513; Simple 
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Number-density of electrons (cont.) 
theory of, 504-16 f, 616SITS’, 618, 
619 p, 620 r, 621 p, 622 p; Daily varia¬ 
tion in E, layers, 498, 499, 618; in 
499, 618, 628; Exceptional varia¬ 
tions (day or night) in E layer, 499; 
Seasonal variation in E, F, layers, 499, 
618, 626; in F^, 499, 626, 628; Sunspot 
cycle variation, 499, 792; Day-to-day 
variations, 499; Variations during mag¬ 
netic storms, 499; during eclipses, 600, 
814, 816, 822, 823; Maximum for layer, 
600, 601; relation to critical frequency, 
600, 601; numerical values in E and F 
layers, 601; Ratios, 600, 601; of njn^ 
(= A), 626, 627; or 636, 637. 

Oscillations, see barometric, convection. 

Ordinary reflected radio wave, 601. 

Oxygen: Percentage in air, 488; variation 
'With height, 496, 496; Scale heights, 
492; Presence and state at high levels, 
496-8; Absorption of ultra-violet light, 
498, 512, 626; Atomic, presence in 
atmosphere, 480, 481, 496-8; ions, 512, 
626; Dissociation and ionization, 497, 
498, 612, 627, 629; Simple theory of 
production of atoms, 604r-ll; Simple 
theory of recombination (at high levels 
above ozone layer), 613-8 pp; Energy 
levels, 477; Spectrum, bands, 479; lines, 
green, red. 

Ozone: Layer, 497, 611; theory of, 497; 
Percentage in air, 488; variation with 
height, 497; Total amount, 497; Varia¬ 
tion with weather, season, and latitude, 
488, 497; Absorption of ultra-violet 
light, 497, 498, 611, 612; Scale height. 


P , see commeTciality, 

Penetration and incidence of solar cor- 
puacles (AU, D, SN)i see critical — 
frequency. 

Polarization: Of light of aurora, 476; 
haloes, rainbows, 476; night-sky, 482; 
of radio waves, 600, 601. 

Potential gradient, electric, near ground, 
434, 706; see velocity —, 

Precipitation, 488. 

Pressure: At ground, 493; Partial, 489; 
Theory of variation with height, 488-93, 
628 p, 629; see ha/rometric variations 
(nvmbe/r-d&nsity ). 

Production of ions and electrons (or simple 
dissociation of molecules): Simple theory 
(monochromatic absorption), 604-11; 


AND RADIO DATA AT 

allowance for curvature of level layers, 
606; Band absorption, 611; Height- 
distribution, 606 P—8, 611; Daily varia¬ 
tion at different heights, 508-11 pp; 
Layer distribution, 606 p, 611, 612; 
Seasonal changes, 608—11 pf ; see ahsorp^ 
tion, dissociation, electron. 

Radiation from sim: Solar constant, 524 p; 
Amount per day per cm.®, at top of 
atmosphere (at different latitudes and 
seasons), 524 p; Amount per sec. on 
whole earth, 897; Annual variation, 
169, 526. 

Radio measurements, general, 498, 600-4, 
618, 626, 629, 630, 642: 'Dvaxn^fade-outs, 
343 P—9 pp; Com/merciality (P); Critical 
frequency (fjp); Echoes; Equivalent or 
virtual height (h') of reflection, 600, 
602, 603 p; lunar semi-diurnal variation 
of (in E layer), 642; Eclipses; Polariza¬ 
tion and frequency (f^, f^) of ordinary 
and extraordinary reflected waves, 600, 
601; Reflection coefficient (P), 500, 601, 
629,630; Scale-height, 601; Travel time, 
630. 

Rain, 487; influence on earth-resistivity, 
418, 431. 

Rainbow, polarization of light of, 476. 

Ratio of number densities of electrons and 
ions (positive and negative). 

Recombination (of ions and electrons or 
dissociated atoms), 613; —process in E 
layer, 626-7; in F^, 627; Coefficient of 
(a> a±), 613; Theories of, 626-7; Varia¬ 
tion with pressure, 626, 527; Numerical 
values, in E layer («', apparent), 626; 
in Pa, 627. 

Red spectral lines: Helium, hydrogen, 477; 
Nitrogen, 477; Oxygen triplet, 480 p; 
transition levels, 480; variation with 
height, 482, 483. 

Reflection coefficient (P) of radio waves, 
600, 601, 629, 630. 

Resistivity, electric, see conductivity. 

Scale-height: Definitions (local), (H^,or B), 
490, 491; partial (B^,,„), 491; decimal 
(B^, B', Bi,...), 491; normal decimal 
(H', HJ,...), 491, 492; Numerical values: 
H' for various elementary gases and air, 
492; local for air (HJ) ground and 
at base of stratosphere, 492 (Bq); in 
lower stratosphere, 601; in D, E, F, P, 
layers, 601, 628; Variation with height, 
492, 493, 611, 612; and time (F^ layer), 
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Solar constant, see radiation, 

Sound: Velocity, 628 (Newtonian), 770; 
Abnormal propagation, 627, 628. 

Spectra, see nighUsl&y, hands^ groeut red, 
nitrogen, oxygen, and AU, 

Spiral motion and radii of electrons (r^) and 
ions (rf), 631, 632 s*: Numerical values, 
632; see condiustimty, diarnayneUmi, drift. 

Sporadic E layer, 498. 

St. Elmo’s fbre, 434, 467. 

Starlight, brightness of, 482. 

Statics of atmosphere, 488-93. 

Stratosphere, 487; see composition, dermty, 
pressure, sccde^height, temperaime. 

Sunlit regions of atmosphere at midnight, 
624 F. 

Sunrise and sunset times at drSerent 
heights, latitudes, and seasons, 622 f, 
623 F. 

Temperature: At ground, 487, 493; Rate 
of variation with height, in troposphere, 
487 ; At base of stratosphere, 487, 601; 


at higher levels, 627, 628 f, 629; In 
ionosphere, 618, 625, 626, 628-31, 642; 
from auroral spectrum, 483, 628; Daily 
and seasonal variation in layer, 626. 

Thermal: Conduction, 493; Diffusion, 493, 
494. 

Thiinderstonns, 488; possible ionizing 
action, 499, 612. 

Tide, see lunar. 

Troposphere, 487, 492, 494, 495. 

Turbulence, see convection. 

Ultra-violet light absorption, see also ATI, 
D. 

Ursigrams, 193. 

Velocity; Of winds, 496; of molecules {v), 
629; of electrons (v^) 630, 631; of ions 
(Vf), 631; see conveclAon, 

Velocity potential, 768, 770, 773. 

Volcanic dust, 638. 

Winds, see convection. 


AU; The aurorapolaris 


Annual variation of frequency, 474 f. 

Arcs, 464 p^6, 469 P; Quiet, 464; Pulsat¬ 
ing, 466; With ray-structure, 466 p; 
Position, 466 F. 

Association: With abnormal earth-cur- 
rents, 417, 471, 472; With atmospheric 
electricity, 464, 467; With magnetic 
bays, 341; With magnetic pulsations, 
362; With magnetic disturbance, 471, 
472; discovery of, 923-6; With sxmspot 
cycle, 472, 474, 476 F; With thxmder- 
storms, 464; With weather, 454; see zone. 

Atlas, 464, 468. 

, Australis, 449, 468, 470; time-variations 
(1840-96) compared with sunspot varia¬ 
tions, 476 F; see AT (pole). 

Azimuth of arcs and bands, in plan, 460 F, 
464, 466 F. 

Bands, 464 p, 465: With ray-structure, 
456 P, 467 P. 

Base-line for height measurement, 457-61, 
466. 

Birkeland’s eaq>eriments, 831 p, 832: 
Auroral theory, 799, 804, 831, 833, 886; 
supposed speed of corpuscles, 804, 832, 
838, 839; criticisms, 832, 862; see 

* EtiSrmer and D. 

Borealis, 449; see M (pole). 


Brightness, 453, 481. 

BrOche’s experiments, 831 p, 832, 841 f. 

Cavendish’s measurements, 457. 

Character-hgures, auroral, 471; Relation 
to magnetic —, 471, 472, 473 F. 

Classification of forms, 454-6. 

Clouds and auroral observation, 464. 

Colour, auroral, 460, 466, 482: (Yellow) 
green, 478-80, 482; Red, 462, 476, 477, 
482; Violet, blue, 466, 463, 477; Varia¬ 
tion with height, 482, 483. 

Committee on, 66. 

Corona, 466, 467 P, 458 P. 

Corpuscular streams: Penetration into 
earth’s atmosphere, 809, 810, 832, 862; 
Theories by Birkeland, DamUUer, St6r~ 
mer; Possible auroral effects due to a 
neutral ionized stream, 832, 834, 845, 
864, 866, 866, 869. 

Curtain, see draperies. 

Daily variation of frequency, 472 F, 473 F, 
474. 

Dalton’s observations, 468. 

Dauvillier’s theory, 804, 828. 

Descriptions of, ^9-63. 

Diffuse, 466 p. 
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Direction of rays, 461, 455, 464; discovery 
of, 926; of arcs, 465 f. 

Doppler effect on width of spectral lines, 
483. 

Draperies, 466, 467 p, 459 p, 461, 462. 
Duration of, 453. 

Early auroral observations, 449, 450, 
923-6; of height, 457, 468. 

Exceptional (low latitude) aurorae, 468, 
476. 

Excitation, 482, 881; see spectrum, 
Flaming, 456. 

Frequency: Annual variation of, 474 p; 
Daily variation of, 472 p, 473 p, 474; 
Variation with sunspot cycle, 476 P. 

— distribution; In latitude, 467-70; In 
height, 462 p. 

Geographical position (in plan), 469, 460 p ; 
Relation to geomagnetic latitude, 464, 
465 P; and dipole axis, 468-70 p ; Dis¬ 
tribution (isochasms), 467-70 p. 

Green line, see AT, 

Height measurements, 467, 468 P, 469; Of 
sunlit aurora, 463 p, 464; Frequency dis¬ 
tribution of lower limits, 461, 462 P; of 
upper limits, 462, 463 p; Relation to 
theory of aurorae, 832, 871, 872. 

Ionization, 477,480, 481, 881, 882,885; see 
spectrim and AT. 

Isochasms, 294,468, 469p: Northern, 469p; 
Southern, 470 p; Relation to average 
magnetic storm vector, 294; see geo- 
graphical. 

Inclination of rays and curtains, 451, 455, 
464. 

Interferometric measures and photographs, 
478 P, 479 P, 480, 483. 

Log of, 454. 

Low, 466, 467. 

Magnetic associations. 

Motions of, 449-53, 456, 457; see also 
pulsating. 

Non-polar, see AT, 

Observatories, auroral: Lerwick, 464, 471; 
Tromsd, 362. 

Photography of, 453; Photographs of, 454- 
9 pp; see interferometer, spctrograms, 
Polaris, 449. 

Polarization, 476. 


Polar year observations; First, 460; Pro¬ 
gramme for second, 465, 466. 

Programme of observations, 465, 466. 

Pulsating: Arcs, 456; Surfaces, 455 P. 

Pulsations, magnetic, see zone. 

Radiation point of coronal rays, 461, 455, 
464. 

Rays, 455, 456, 458 P: Direction, 465, 464; 
Width, 464; Heights, 463 P; Sunlit, 463. 

Recurrence-tendency (27-day), 412, 472, 
474. 

Red lines, see AT, 

Reduction of plate measures, 459. 

Simultaneity north and south of equator, 
476. 

Sounds, 466, 467. 

Spectrograms, 476 p, 477 p. 

Spectrum, 476 P, 477 p-83 : Different 
types, 482, 483; Height-variations of, 
482, 483; Temporal variations, 482; 
Theory of, 876; Temperature inferred 
from, 483; see AT, 

Star-charts, 468. 

Statistics, 471. 

Stereograms of models of corpuscular 
paths, 842 p. 

Stoimer’s; Auroral calculations and theory, 
832-45; Characteristics of the assumed 
particle, 838, 839, 844; Distinguished 
directions of emission, 840, 841; Ex¬ 
planation of thinness of draperies, 840, 
841, and of direction of rays, 841; Ex¬ 
cluded regions, 837 p, 838, 839; Scale 
parameter {1), 836; numerical values, 

838, 839; Radius of auroral zone, outer, 

839, inner, 840; Ring current hypothe¬ 
sis, 842-6; Illustrations of paths by 
diagrams, 841 p, by stereograms of 
models, 842 p; see Birheland. 

— Current-ring, 842-6; Cause of, 842; 
Form, 842, 843; Size, 843; Equilibrium 
of, 843, 844; Characteristics of particles 
of, 843, 844; Magnetic field of, 842-4; 
Energy of, 880, 897; Objections to, 844, 
879, 880, 897; see D. 

Sunlit aurorae, 463 p, 464. 

Sunspot cycle and aurorae, see freguency. 

Superstitions, 449. 

Surfaces, auroral, diffuse or pulsating, 
465 P. 

Temperature in amoral region, 483; see A T. 

Theories, auroral: BirheUmd, Da/umllier, 
Btdrmer, Ultra-violet; Based on neutral 
ionized streams, 834; suggested by 
Lindemann, 832, 833, 852; discussion 
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by Chapman, 846, 848, 849; by Chap¬ 
man and Ferraro, 846-8, 864, 866, 866, 
869; the ‘horns’ of the stream, 846, 866; 
see epectrunif corpmoular. 

Types of, 464-6. 

Ultra-violet light theory of aurorae, 800, 
870-6: The solar outburst, 872; First 
theory (Hulburt), 870; objections, 870, 
871; Revised theory (Maris and Hul¬ 
burt), 871, 872, 874, 876; objections, 
872-6; see uUra-violet (D) and corpm- 
cular (also D), 


Weather and aurora, 464. 

Width of rays, 464. 

Zeeman effect, on green auroral line, 
480. 

Zone, auroral: Northern, 468, 469 r, 794; 
Southern, 470 r; Geomagnetic, 300-11; 
Shift to lower latitudes when intense, 
during great magnetic storms, 291, 292, 
470,475; Relation to D field, 286, 287 F- 
92, 299, 300-11, 317-26, 340; to mag¬ 
netic pulsations, 362; to radio absorp¬ 
tion during magnetic disturbance, 600. 


D: Disturbance, and irregular changes of the geomagnetic fidd 


Active or disturbed days. 

Activity, magnetic (a), 194, 386; see 
armualf daily, disturbed, geographical, 
irregular, measwrea, statistics, time- 
paJttem, variation, world-wide, 

American character-figure 602,604 r. 

Analysis of D, see fleUd, spherical, 

Aimual variation of activity, 199, 366-7, 
601-3: As shown by 0, 366, 367,601-3B’; 
by daily ranges i2, 376; by Up, 367 f- 9, 
366, 376; by Ux, 366 r, 367, 601; Annual 
wave not significant, 367, 601, 602; Of 
frequency of storms, 199,367; Suggested 
annual recurrences associated with 
meteors, 367; see semi-annual and 
clouds (AN), aurmnation (AN). 

Asymmetrical features of the D field, 299- 
301, 311, 887. 

Augmentation of during solar eruptions 
(JSN) or radio fade-outs (AT), 341, 343- 
8 IT, 349, 790-2; vector chart, 360 t ; 
As cyclo-median stom, 327, 328; Re¬ 
stricted to sunlit hemisphere, 343, 349; 
Shows the day’s peculiarities, 791; 
A special type of bay, 349; Duration, 
392; Influence on O, 392; Statistics, 
343, 349, 392; see Carrington, 

Auroral associations (AU) with D. 

— or zonal currents. 

Average characteristics of storms, 272- 
300; In high latitudes, 290, 291; Of 
storm-time variation 272-7 tf; in 
high latitudes, 286-8; dependence on 
D-intensity, 282-6; Of Sp, 272-6, 277- 
81; in high latitudes, 288-90; depen¬ 
dence on D-intensity, 282, 283 t; evi¬ 
dence for shift of auroral zone, 291, 
292. 

— disturbing vector during ordinary days, 
3595.30 U 


296 F, (high latitudes) 287 f ; during 
storms, 292-6 FF, 298 f, 710; Azimuth, 
293-6; Relation to isochasms (A U), 294; 
to dipole axis (M), 294, 296, 710; Daily 
variation, 294; see initial, recovery, 
stereogram, sudden. 

Bays, 286,338-41,349: Negative, positive, 
338; Current-circuits for, 339; Vector 
diagrams, 339 f; nearly plane, 339; 
Repetitions on adjacent days, 340 f- 
2f; Statistics for, 338, 339; see aug- 
mervtation, Carrington, JSchmidt-vortices. 

Birkeland; Observations and their dis¬ 
cussion, 317-26, 882; Classification of 
storms, 321-6; discussion of, 326-8; 
Corpuscular theory, 799, 831-3, 886; 
speed of corpuscles, 804, 832, 838, 839; 
criticisms, 832, 862; Currents: along 
auroral zone, height and intensity, 
318 F, 319 F; inflow and outflow, 320, 
32 If, 322,323 f, 324,883,884F; Experi¬ 
ments, 831 F, 832; see AU, corpuscular, 
DauvilUer, St&rmer. 

Brfiohe’s experiments, 831 p, 832, 841 F. 

Calm days, see quiet. 

Carrington: solar observation and mag¬ 
netic disturbances, 333 f, 334 f, 336, 

. 381; see SN. 

Catalogues of storms: Bombay (1872- 
1904), 328; Greenwich, 328, 378, 401; 
In journals, 329. 

Character-figure, daily magnetic: Ameri¬ 
can (Cj), 602, 604 F; Chree’s antarctic, 
197, 198; International (C), 196; Com¬ 
parison of C with u, 365; with Ux, 370, 
393, 394; Correlation between C and Ux 
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Chaxacter-figure (cont.) 

(annual means), 370; Conservation in C, 
585, 586, 594^600 rr ; Standard devia¬ 
tion of O, 585; Time-graph of B and 
C, 364 F; see annual^ hourlyy meaauresy 
and Table J (pp. T 31-T 77). 

Classidcation of storms: According to 
intensity, 275, 328, 378; According to 
type, by Birheland, 

Comets and D, 394, 395, 875. 

Commencements, see sudden. 

Conservation in magnetic activity or calm, 
356, 407, 543; see character-figure C 
and persistence. 

Corpuscular: Effects, moderate, 394; in¬ 
tense, 335, 394. 

— Streams, as cause of D: Bearing of 
augmentation, 799, 800; of polar pro¬ 
perty of D, 800; of recurrence-tendency, 
800, 801 ; see ultra-violet ; Theories based 
on charged streams, 852; by BirJcelandy 
Bauvilliery St&rmer; by Chapman, 869, 
870; withdrawn after Lindemann’s criti¬ 
cisms, 832, 833, 852, 870; No direct 
magnetic field without undue penetra¬ 
tion, 828-30, 852; Lindemann’s sugges¬ 
tion, 832, 833, 853, of neutral ionized 
stream ; see corpuscular {A U for auroral 
effects, and SN for the emission by the 
sun and the travel towards the eajrth). 

Correlations: Between O and Uiy 370; Be¬ 
tween sunspot data and w, Uiy annual 
means, 370 F, 371 f ; monthly means, 
372-4 FF ; lack of —y for daily values, 
376-8. 

Cosmic rays and D, 486, 880. 

Currents associated with D: Along auroral 
zone, 318 f, 319 F, 321 f ; see Birheland; 
Analysis into external and irdemal, see 
spherical; Analysis into Sp, and 
D{, 301; see field, storm-time, disturbance 
daily, and irregular ; Analysis into polar 
cap, zonal, and interzonal currents, 303, 
309; Asymmetrical and syrrmetrical 
zon^ features, 299, 300, 301; Hypo¬ 
thetical (see) idealized current system; 
Intensity, see the references to the, 
above separate parts of the D system; 
Location, indeterminacy of, 876, 877; 
non-magnetio indications 877-86; Theo¬ 
ries as to the cause: of internal currents, 
see induction, of external currents, see 
corpuscular, drift, dynamo, neutral, uUra- 
violet; see also ring current, sndSchnddCs 
current vortices. 

Cyclo-median storms, 325-8; seea/ugmenta- 
tion,. 


Daily range: Absolute (12), 62, 220; Of 
hourly values or means (12', B^), 220; 
see also disturbance - (Bp), 

Daily variation of activity, 384—90; as 
shown by hourly character figures, 387: 
Dependence on local time, 385, 386, 388; 
in low and middle latitudes, 385, 386, 
387 F ; in high latitudes, 385, 386, 388 F, 
389 F, 390 F ; Seasonal change of range 
and hours of maximum, 386—90 f; Change 
with sunspot cycle, 387. 

-of frequency of disturbed hours, 

385, 386, 387 F. 

Dauvfllier’s theory of aurorae and D, 
804, 828. 

Diamagnetism and D, 873, 874, 885; 
Greneral theory and criticisms, 780-86, 
788-90, 873, 874. 

Discovery of irregular variations, 922, 923; 
of simultaneity in different regions, and 
of association with aurorae, 923-5. 

Disturbance, see activity. 

— daily range Bp, 357; Averages and fre¬ 
quency distributions, 357-60, 366, 374, 
375; see annual, sunspot cycle. 

-variation (Sp)i Definition, 201, 202; 

Investigation by Moos, 272-5; Morpho¬ 
logy, in low and middle latitudes, 277- 
81 FF; in high latitudes, 288-91 FF, 388 F; 
Type independent of intensity, 281 F- 
3 F, 278 F, 280 F, 290, 291 F; except for 
the shift of the auroral zone, 291, 292; 
Contrast with S^, 279; Illustrated by 
vector diagrams, 289 F, 291 f; by har¬ 
monic dials, 565, 566 F; see currents, 
field, spherical. 

Disturbed days, 62, 194, 196; Interna¬ 
tional, 196; list of (1884-1937), T21- 
T29. 

Drift-currents and D, 872, 874; General 
theory and criticisms, 531-5, 782, 786- 
90. 

Duration of magnetic activity, 199. 

Dynamo action and D, theories by Maris 
and Hulburt, 873; and Chapman, 870, 
885, 886; see D7. 

Earthquake effects, 330. 

Eclipse effects, 354, 794-6 f-8; see AS, 
AT, BV. 

Energy of the D field; During first phase, 
857-62; Of main phase 892-4 f- 7, 880; 
General theory, 888-92. 

Equatorial perturbations or storms: Posi- 
• tive, negative, 322,325-7; see Birhdcmd, 

Eruptions (SN) and D, see augmentation^ 

Esohenhagen waves, see pulsaticms. 
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External field, 697, 698, 710; see induQ- 
tion of internal fields and sph&rical. 

Fade-outs and D (see AT), 

Field of D, 194, 280, 286; Definition, 202, 
203; Analysis into three parts, 272-6; 
the storm-time part 276; the distur¬ 
bance daily part Sj), 273; andthe^rrcgrwZar 
part D^, 276; Mean storm-time field 
D^, 283; see morphology^ external^ inter- 
nal^ asymmetrical, symmetrical-zonal, 
currents, spherical. 

Frequency distributions of disturbance 
daily ranges JUj) according to magnitude, 
366, 367 F, 368 f- 61 ; see time-graphs, 
time-pattern. 

Geographical distribution of average in¬ 
tensity of activity, 198, 199. 

Heights of zonal currents. 

Hourly character figures, 384-9; Chree’s, 
386; Stagg’s, 386; (see) daMy variation 
of, at Kew, 387 f ; at polar stations, 
388 F, 389 F, 390 F ; see stonmness, three. 

Idealized hypothetical D current system: 
Schematic, 881 f; For Sp, 301, 302 f, 
303; for 307, 308 F, 309; and com¬ 
bined, 309, 310 F, 311; Comparison with 
the data, 304-7, 309; Deviation of the 
‘actual* from the ‘ideal’ hypothetical 
currents, 300, 301, 307, 309, 311; Esti¬ 
mated current-fiow, 301-3, 308-11; for 
method of estimation, 303, 232-4; see 
currents. 

Induction by the D field, 699, 700, 717, 
726F-8F, 729 F, 730, 732: Electro¬ 
magnetic, 711, 722; Magnetic, 711, 722; 
In oceans, 712; In outer crust, 712, 713; 
In auroral regions, 713; By field, 
724-6; Model problems, 713, 714, 749; 
see DF, FF. 

Initial impulse of magnetic storms, 296- 
8 F, 299; comparison with the average 
storm-vector, 298 f, 299; dependence on 
local time, 299; see simultaneous, sudden. 

Intensity of D currents. 

Inter-diurnal E variability XJ, 363, 389; 
Dependence on initial hour of the day, 
389, 391; Universal time-variation of, 
391; see u and 

Internal field, 697, 698; theory oiinduction . 
by external field. 

International guiet and disturbed days. 

Inter-zonal currents, 303, 309-11; Hypo¬ 
thetical idealized currents: total fiow in 


the Sj), 303; and D^* inter-zonal systems, 
309; Location, indeterminacy of, 876, 
877; non-magnetic indications, 877-86; 
in or outside the atmosphere? 879, 880. 

Investigation of D, 194, 196; statistical, 
366, 366, 643, 644. 

Irregular part of D field, D^, 276, 386; 
Suggested caiises, 793, 794, 887, 888; 
see activity. 

Lists or catalogues of storms. 

M-regions, 410, 416. 

Magnetograms (‘edited’) illustrating the 
magnetic variations over periods of 
many days: For Niemegk, 206-|9ff; for 
Seddin, Huancayo and Watheroo, 210 f, 
211F; for Batavia and Huancayo, 212 f ; 
for Bombay, 223 f; for Huancayo H, 
243 f; For 12 stations, during magnetic 
storm (1886 June), 273 f; For Green¬ 
wich 316 f; For great storms, at Pots¬ 
dam, 329 F, 330 F, 331 F, 332 f; For 
Carrington’s storm (1869) and precursor, 
333 F; Of sudden commencement, 336 f ; 
showing repetitions of ba 3 ^, 340 f ; and 
other disturbances, 342 f; Of aug¬ 
mentation, 343-8 ff; For pulsations, 
361 F. 

Measures of activity (a) or D^: By hourly 
character figures and storminess i By 
three-hourly range indices ; By daily 
ranges, character figures, and numerical 
I magnetic character : Over longer periods, 
see inter-diumal, u, and Ui. 

Meteorological relations, 204. 

Micro- (see) pulsations. 

Morphology of the D field, 272—300, 366; 
of 272-7 FF, 282-8; of Sj), 277-83 ff, 
288-92; Disturbing vectors, mitial, 296- 
9; and average, 292-6; Asymmetrical 
and symmetrical-zonal features, 299, 
300. 

Nachstdrung, see residual disturbance, 200, 
292, 363; shown on magnetograms, 204- 
13 FF. 

Neutral ionized stream theory of magnetic 
storms: Action of the geomagnetic field 
on a, permanent stream: Chapman’s 
first discussion, 846; its defects, 846; 
Discussion by Chapman and Ferraro, 
846-9, 863-69; its incompleteness, 846, 
863, 867, 869, 862, 866, 867, 869, 876, 
886; Preliminary discussion of the 
electric polarization of slab, cylindrical 
and spherical ionized streams by a uni¬ 
form magnetic field, 846-8; in a non- 
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Neutral ionized stream theory {cont.) 
uniform field, 848-9; the retardation, 
846, 848, 849; pulsation of the stirface 
charges, 846, 847; escape of surface 
charges from cylindrical and spherical 
stream, 847, 848; Particulars of the 
supposed stream on approaching the 
earth, 863, 864, 856; polarization, and 
pulsation and escape of surface charge, 
864; no appreciable direct magnetic 
effect of surface charge, 864, 856; In¬ 
duction of surface currents in the stream, 
and distortion of its surface, 865-60 r; 
‘image* discussion of current induction 
in a rigid plane stream-surface, 859-62; 
The hoUow, 846, 866, 866 r, 868, 862, 
865-8 E; and the ^horns’, 846, 866; 
Retardation of the stream near the 
vertex, 864 e, 866; of the hollow, 866-8, 
860, 863, 864; dependence on the kinetic 
energy density of the stream, 858, 863, 
864 E; Shielding and redistribution of 
the magnetic field (the first storm-phase), 

865- 7, 869-61 e ; energy considerations, 
867, 869, 860-2; The electric conducti¬ 
vity of the stream, 866~7, 869, 862-6; 
Suggested formation of'a ring-current 
(producing the main storm-phase), 

866- 8 e; its energy, 880, 896-7; its 
stability and decay, 868, 869, 880; its 

/ radius, 867, 880; the wobble, 880. 
Non-cyclic variation, 63, 200, 646; Elimin¬ 
ation in harmonic analysis, 63, 660, 661; 
and in finding L, 246, 270; Correlation 
with day-to-day changes, 237; De¬ 
pendence on character of days, 646, 
647; Bearing on determination of 
electric conductivity of the earth, 732. 
Numerical magnetic character, 361, 362. 

Ordinary days, 201. 

Oscillations, see pulsations. 

Persistence of activity or calm, 199, 366, 
407, 643. 

Perturbations, see equatorial, polar. 

Polar cap currents, 303, 309; Hypothetical 
idealized currents: total flow in the Sd, 
303; and inter-zonal systems, 309; 
Location, indetermme^y of, 876, 877; 
non-magnetic indications, 876-8, 881-6; 
Theories as to origin, 882-6. 

Polar perturbations or storms, 321-6 ee, 
327. 

— property of D field, 800. 
Post-perturbation, 200, 292, 329, 330 e; 
see residual disturbance. 


Precursors, 341; Carrington’s, 333 e, 336. 
Pulsations: Micro- or elementary or Esch- 
enhagen waves, 349; suggestion by 
Stormer as to their causa, 841; Giant or 
Rolf—or sinusoidal oscillations, 361 e, 
352; their relation to the auroral zone, 
362; Periods, 349, 361-4; Frequency 
distribution during the day, 361; the 
year, 361; and the solar cycle, 361; 
Geographical extent, 352; Rapid — (2 or 
3 seconds), 363 ; daily variation of fre¬ 
quency, 353; Recording by induction, 
363, 364. 

Quiet days, 194; Astronomer Royal’s, 201, 
377; International, 196; list of (1884- 
1937), T 19-T 28. 

Radio fade-outs and D (see AT), 

Ranges, see daily. 

Recovery phase of the D field, 200, 292, 
293 E; shown on magnetograms, 204- 
13 EE, 330e-2e; long continuance, 293, 
710, 879. 

Recurrence-tendency, 396; in magnetic 
activity and calm: As shown by 
the superposed-epoch method, 396-9 ee; 
character of the peak days, 399; The 
interval, 397-400; and its significance, 
399, 400, 800, 801; variation with sun¬ 
spot cycle, 399; influence of spot-lati¬ 
tude, 416; possible 30-day interval, 416; 
In storms, 400-4 E, 406, 406 e, 407; 
not an effect of chance, 401, 402; long 
sequences, 402, 403; Intermittence, 
403; Time-patt&ms, of storms, 403, 
404 E, 406; of daily character figure, 
407, 408e-11ee; Lack of recurrence 
for great storms, 406, 406 e; Illustra¬ 
tion by harmonic dials, 667-73; dis¬ 
cussion of degree of persistence, 694- 
600 EE ; see AN (clbuds, harmonic analy¬ 
sis, summation). 

Repetitions of bays on adjacent days, 
340 E, 341. 

Residual disturbance or post-perturba¬ 
tion, 200, 292, 329-31, 363, 666; see 
recovery. 

Ring current: Schmidt’s, 666, 710, 879; 
StOrmer’s (AU) to explain main phase 
of stornos, and the increased auroral 
zone radius, 842-6, 879; electrostatic^ 
and energy difficulties, 879, 880, 897; 
Speculations by Chapman and Ferraro, 
880; energy, 880, 896-7; ellipticity, 
880, 881; permanence, 868, 869, 879; 
wobble, 880; effect on cosmic rays, 486, 
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880; Hypotheses as to cause, by 
StQrmer, 842—5, 879; by Chapman, and 
Ferraro, 845, 867-9. 

Rotational changes of the H vector of D, 
314-17 PF. 

Sangster phenomenon, 314-7 ff. 

Schmidt’s Current: -Ring, 666, 710,879; 
-Vortices, 311-3 f, 314. 

Semi-annual variation of activity, 199; As 
shown by C, 366, 367, 601-3 f; by 
366 F, 367; Its reality, 367, 602; Phase 
and dates of maximum, 199, 366 f, 
601f-3f; Relation to heliocentric 
position of earth, 199, 367, 414-16; or 
to geocentric position of sun, 199, 367; 
Variation of amplitude from year to 
year, 366, 366 f, 602, 603; Of frequency 
of storms, 367. 

Sequences (27-day): Of magnetic storms, 
401-6; intermittence, 403; Of active 
days, 407-9; comparison with solar 
faculae, 409; For sequences of succes¬ 
sive active or calm days, see persistence. 

Simultaneity of sudden storm-commence¬ 
ments, 336, 336 F, 337; see worldioide* 

Solar flares or eruptions {8N) and D; see 
augmentation. 

Spherical harmonic analysis (see AN) of 
the D field, 697 F, 698. 

Statistics of D: see daily character figures 
Of the activity measures w, -Wj, the dis* 
turhance daily ranges daily, annvail 
and sunspot cycle variations of D, and 
frequency curves for D; A statistical 
aspect of activity measures, 366. 

Stereogram showing average disturbing 
vector, Potsdam, 296 F. 

Stfirmer: bearing of auroral theory (AU) 
on D, see ring current \ also see pulsa¬ 
tions. 

Storm, magnetic, 194, 206; General des¬ 
cription, 200; Records of, 204-13 ff, 
273 f; Bombay, 272; Potsdam, 329; 
Remarkable storms, 328-36 ff ; Annual 
variation of frequency, 367; Association 
with sunspots, 378-82; Occurrence on 
sunspotless days, 380, 381; Sunspot 
cycle variation of frequency, 379-81; 
see average, catalogues, current, field, 
recurrence, theories. 

Storminess, hourly measure (Tromso), 
362, 363. 

Storm-time: Deflnition, 272. 

— variations D^j: Definition, 272, 276; In¬ 
vestigation by Moos, 272-6 ff; Mor¬ 
phology, in low and middle latitudes. 


276-7 FF; in high latitudes, 286-8; Type 
in relation to intensity, 276, 277 f, 282- 
6; see average disturbing vector, recovery. 

Sudden commencements of storms, 199, 
272; Mean vectors of, 298 f; Magneto- 
grams of, 336 F; Duration and character 
of initial impulse, 296-9; Degree of 
simultaneity at different places, 336—7; 
Relation to meridian passage of sun¬ 
spots, 380-2; Revision of statistics, 
299; see average disturbing vector, 
precursors. 

Sunspot cycle and associated D variations: 
As shown by u (1834-1930), 369 f; by 
(1878-1937), 370 f-2 ; by frequency of 
disturbed days (1883-1923), 360 f, 361; 
by disturbance daily ranges Ed, 368 f, 
369; Linear relationships, 371 f; Cor¬ 
relations of annual mean measures, 370; 
Differences between ascending and 
descending phase of cycle, as shown by 
Ed, 368 f, 369; by u, u^, 371, 372; see 
time-lag, time-pattern. 

Superposed-epoeh method, 382; To deter¬ 
mine the time-lag between solar and 
magnetic disturbance, 382-4 f; To 
demonstrate the 27-day recurrence ten¬ 
dency in D, 396-400. 

Symmetrical-zonal features of the D field, 
299, 3ai, 887. 

Theories of D, see corpuscular, neutral, 
ultra-violet, and induction. 

Three-hourly range-indices (K), 213. 

Time-graphs: Of frequency of disturbed 
days (Paris), 360 f; Of magnetic activity 
vi, 369 F; and Ui, 370 F; Of jGT and O, 
364 F. 

Time-lag between sunspots and D changes: 
Shown by superposed-epoch method, 
382-4 f; Individual examples, 378-82, 
332-6. 

Time-pattern of activity, 199, 200; Of 
magnetic storms (Maunder), 400^ f, 
406; Bartels’s, for C and solar data, 407, 
408F-11F, T3a-T77. 

u-measure of activity, 362, 363, 364 f, 
366: Comparison with 0, 366; List of 
annual and monthly values, T 10, Til; 
Time-graphs, 369 f ; see arvnual, semi¬ 
annual, sunspot and Uj 

Wi-measure of activity, 366, 366 F, 367: 
Lag of u and relative to solar varia¬ 
tions, 371, 372; Relation to sunspot 
numbers, 371 f-3 f, 374 f ; see animal, 
semi-annual, sunspot. 
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Ultra-violet light and bay disturbances, 
394; Carrington’s observation, 336. 

-theory of magnetic storms, 800, 

872-6: The solar outburst, 872 ; Original 
theory, 872, 873; drift-current theory 
of first phase, 872; induced current 
theory of main phase, 872; diamagnetic 
theory of polar D field, 873; Objec¬ 
tions, 872, 873; Modified theory, 873, 
874; dynamo theory of main phase, 873; 
drift-current theory of polar D field, 874; 
objections, 800, 801, 861, 852, 874, 875, 
886; Associated cometary effects, 394, 
395, 876; see ultra-violet (AU) and 


Vector: Charts, for 296 f; for D^, 
3131’; for augmentation, 350 S’; 
Diagrams, for S^), 289-91 w; for D^, 
314, 316r-17; stereogram, for 
296 JT; For bays, 339 r; see average dis¬ 
turbing. 

Vortices, see Schmidt. 


Waves, see pulsations. 

World-Wide simultaneity of magnetic 
activity, 197, 198; of storm commence¬ 
ment, 335-7; see sudden. 

Zonal currents, 303, 309-11; Hypothetical 
idealized currents: maximum flow in the 
Sj), 303; and parts, 309; and the com¬ 
bined currents, westward, 309; east¬ 
ward, 311; Variation of intensity along 
the zone, 882, 883; Inflow and outflow 
along the zone: discussion by Birkeland, 
320, 321 F, 883, 884 f; by Goldie, 326; 
by Chapman, 301-11; by Vestine and 
Chapman, 884, 885; and by Vestine, 
311; Location, indeterminacy of, 876, 
877; non-magnetic indications, 877, 878, 
881, 882, 885; Determinations of height 
and direction by Birkeland, 318f, 319f; 
by Goldie, 326, 882; and by Vestine and 
Chapman, 882; influence of induced 
currents, 749 f ; Theories of, see corpus- 
cvXa/r^ neutral^ ultra-violet. 


DV: The daily variations, solar and lunar, of the geornagnetic field 


Activity and L, see dependence. 

Age of moon, and L, see phase-law. 

Analysis of S into and Sj), 194, 200-2; 
for Sjj, see disturbance daily variation 
(D). 

Atmospheric tide (638-42 ff) and L, 767- 
64. 

Augmentation (see D) of during solar 
eruptions (SN) and fade-outs (AT). 

Average L over a lunation, 246. 

Combination of L and S, 261, 264-6 ff; 
Shown by harmonic dials, 679-83 ff. 

Comparison of L and S, 268, 679-81 f, 
694, 696, 761-3. 

Computation of L, 244, 260, 267-71: Hol¬ 
lerith methods, 244, 270, 271, 649, 669; 
Influence of exclusion of disturbed 
hours, 268, 269 f, 270. 

Conductivity of L and S layers: Estimate 
by Schuster (S), 764, 766; by Chapman 
(L), 768; Discussion, 768, 769; see 
AT. 

Currents associated with L and S^: Analy¬ 
sis into external and internal, see 
spherical ; Idealized average external 
current diagrams, for L, 261-3 ff, 766 f; 
for S, 229 F, 696 f, 778, 779; accordance 
with the data (for S), 228—32; Qualitative 
derivation (for L), 763-7; Construction 


of current diagrams, 228, 696; theory of, 
630, 631; Approximate numerical deter¬ 
mination of the current flow, 232-4; 
Day-to-day variations of the system, 
238-42, 677, 679, 696, 697; Shift of the S 
focus, 238-41 FF, 677; Cijrrent diagrams 
for for individual days, 240 f; for 
western hemisphere for a particular 
epoch, 775-9 ff. 

Daily and summed ranges, 220; Smoothed 
time-graphs, for Greenwich (1841^77), 
221F (inset); and for Paris (1883-2923), 
222 F; see D. 

— (see) inequalities. 

Day and night difference of intensity for 
L and S: Illustrated by daily inequali¬ 
ties, for L, 246 F, 247, 264-7 ff ; for S, 
200-2, 204r-16FF, 223 F, 226 F, 236 F, 
237 F, 239 F, 243 F, 264-7 ff ; Illustrated 
by vector diagrams, for L, 260-2 F; for 
S, 214, 217-19 FF; Illustrated by the 
current diagrams for L, 261-3ff; for S, 
229 F, 696 F ; Connexion with phase-law 
for L; see also harmonic dials. 

Day-to-day variations of S^, 201,221,223 f, 
224: Investigation by ranges, 234-8; by 
current diagrams, 240 f; by harmonic 
dials, for Huancayo D, 673, 674 f, 676 ; 
and Watheroo H, 676, 676 f, 677; and 
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r, Zf 677, 678 S’, 679; Interdependence 
of different harmonic components, 676; 
and of the same components in different 
elements, 677, 678 r, 679; Constancy of 
average type, 236-7 ef ; Time-pattern, 
241, 410, 412; Tendency to persistence, 
238, 676, 679; Association with non- 
cyclic variation, 237; and changes of the 
daily mean, 236, 237; Theoretical dis¬ 
cussion, 793, 794; possible effects of 
clouds, 793; of corpuscular stream, 794. 
Departures, see hourly. 

Dependence of L: On lunar distance, 263, 
264, 762; On the magnetic activity, 
264-7, 680, 681 f; see day and night, 
phase-law, and sunspot cycle. 
Diamagnetic theory of S, 780-2: Criti¬ 
cisms, 783-6 F, 786, 788-90. 

Discovery: Of L, 244, 936; Of S, 923. 
Distance, lunar, and L, see dependence. 
Distribution of the L and S fields with 
respect to: Latitude, for L (not expressly 
illustrated, but can be inferred from), 
262, 263 ff; for S, 200, 201, 214, 216 f; 
Local time or longitude relative to the 
noon meridian (AS), see day and night; 
Longitude (apart from local time), 766, 
776-9 ff; see Huancayo, 

Disturbance daily variation Sj), 202, 
see D. 

Disturbed hours, see computation. 
Drift-current theory of S, 782, 783: Criti¬ 
cisms, 783-90. 

Dynamo theory of L and S: Balfour 
Stewart’s discussion, for S, 760-2; and 
L, 762; Schuster’s theory, S,^ 762-6; L, 
766; The atmospheric motion, for S, 
762-4, 767, 761-3, 768, 770, 771, 776- 
7; for L, 767-68, 770, 771, 774-7; 
The variable conductivity, 763^62, 766, 
768, 771, 773, 774; numerical discussion, 
764, 766, 768, 769, 766, 767; Explana¬ 
tion of phase-law for L, 766, 767, 774, 
776; Phase relation of L with the lunar 
tide, 767, 768; Qualitative theory for 
L, 763-7; Mathematical theory, for S 
and L, 768-76; Self-induction, 764, 766, 
767, 769; Dependence on obliquity of 
magnetic axis and time other than local, 
766, 776-9; Large amplitude in if at 
Huancayo, 776-9; Flexibility of dyna¬ 
mo theory, 790; Bearing of Sg augmenta¬ 
tion and radio fade-outs, 791. 

Earth-currents, see EE, 

Eclipse effects, 364: Theory of, 794-6 f-8; 
see AS, AT, D. 


Electromagnetic induction in relation to 
L and S: see Chapter XXII. 

External field: For S, 691, 692; For L, 
694; Induction by, 699, 700. 

Fade-outs, radio, see AT, 

Field: Of L, 194; Of S or Sg, 194; distribu¬ 
tion as viewed from sun, 200, 201. 

Focus of S current-system, see current'. 
Irregular shift of, 238-41 ff, 677. 

Graphs: Of S, 216 f, 216 f, 226 f, 236 f, 
237 F, 267 F, 274 f, 278 f, 280 f, 281 f, 
283 F; for individual days, showing the 
variability, 239 f; Of %j), 274 f, 277 f, 
278f, 280f, 281f, 283f, 288f; Of L, 
at different Itmar ages, 246 F, 267 f ; 
see magnetograms, vector diagrams. 

Harmonic analysis (AN): For L, 247-9; 
results, 266, 268-60; For S, 63, 64, 670; 
results, 226, 227. 

— dials (AN), 663-6: For L, 679-81; 
errors of, 683; For S, Potsdam X, T, Z, 
666, 666 F; Huancayo D, 673-5; and H, 
y, Z, 679-83 ff; Watheroo H, 676-8. 

Hasegawa’s studies of Sg variability, 238- 
42 FF, 410, 412 F, 696, 697. 

High latitudes: Sg and Sp in, 288-91 ff. 

Hollerith methods of calculating L, 244, 
270, 271, 649, 669. 

Hourly departures, sums of (a measure of 
the amplitude of S): Time graph (1847- 
1908), 221 F; see daily ranges. 

Huancayo: Large amplitude of L and 
S in H: 212 f, 213, 242, 243 F, 261, 264- 
7ff; shown by harmomc dials, 679- 
83 FF; McNish’s explanation, 776-9 ff. 

Induction, electromagnetic and magnetic, 
699, 700, 711-22: Uniform core models 
compatible with L and S fields, 714-18; 
Non-uniform core models compatible 
also with D, 726—32; see D, EE, 

Inequalities for Sg, 201; see graphs. 

Internal field: For L, 694; current system, 
696; For S, 691, 692, 696; see induction. 

Investigation; Of L, 194, 196; Of S, 194, 
196, 200, 201, 214, 669, 670. 

Latitudes of foci (or reversal of H in¬ 
equality) : For L, 262, 263 ff ; For S, 

' 214, 229, 696, 778, 779 ff; day-to-day 

variations of, 238-42. 

Layers (ionospheric) of L and S current 
systems: For L, 761-3, 791-3; For S, 
761-3, 790, 797. 
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Lunar age and L, see day and night and 
phase-law, 

— distance and L, see dependence. 

Magnetograms (‘edited’) for periods of 
several days, which on quiet days show 
S, 206-12 rp, 223 P, 243 p; for S+L, 
266 p ; see also D. 

Meteorological relations, 204. 

Non-oyclio variation (see D), 63, 200; 
elimination in harmonic analysis (AN), 
245, 270, 546, 647, 560, 661. 

Non-potential field, 687. 

Persistence: In L, 683; In S, 679. 

Phase-law for L, 246, 246P-60, 261 p; 
shown by harmonic dials, 679-81; 
Theory of, 766, 767, 774, 776. 

Potential, see spherical, velocity. 

Probable error of L determinations, 683. 

Ranges, daily and summed, 220; see daily 

(D). 

Seasonal change of L, 261: Sh6wn by 
vector diagrams, 262 p; by harmonic 
coefficients, 266, 266; by current sys- 
tenas, 262, 263 pp ; In Huancayo H, 266, 
680, 681 P; In relation to ionospheric 
conductivity and motion, 760-2. 

-of S, 201, 214, 216 p; Shown by 

vector diagrams, 217-19 pp; by har¬ 


monic dials, for Potsdam X, Y, Z, 665, 
666 p ; for Huancayo H, 679-81 P. 

Secular change of in at Huancayo, 
696, 696. 

Separation of internal and external fields, 
691-4; see spherical. 

Spherical harmonic analysis of the poten¬ 
tial of the fields: Of L, 691-4; Of S, 226, 
228, 684; by Chapman, 688-90; com¬ 
parison with earlier analyses, 690, 691; 
by McNish, 696, 696; by Hasegawa for 
individual days, 696, 697. 

Stereograms for S, 217 p. 

Sunspot cycle and L, S: For L, 267-60, 680, 
681 p, 792, 793; For S, 201, 219-22 pp, 
226 P, 236; shown by harmonic dials, 
679-81 p; linear formula, 224, 226; 
comparison with L, 268, 679-81 p, 762. 

Theories, 760, 761; see diamagnetic, drift, 
dynamo. 

Time-graphs of range of S, 221 p, 222 p. 

Time-pattern, see variation. 

Variation of S type in H near current- 
focus, 238-42; time-pattern for, 410, 
412 p. 

Vector diagrams: For L, 260-2 p; For 
S, 214, 217 p, 218 P, 219 p; see graphs, 
magnetograms. 

Velocity potential of air motion, 768, 770, 
773. 

Zero-line for S^, 242, 243 P. 


EE: EarUv-dectricity 


Apparatus (Gish and Rooney), 421, 422. 

Atmospheric electricity, see AT, 

Aurorae and earth-currents, 417, 437, 
471. 

Chart of earth-current distribution, 442 p. 

Conductivity, see resistivity. 

Contact-potentials, 428, 431, 432. 

Core, see resistivity. 

Currents (earth-), 417, 418, 427, 428: 
Measurement of, 428-30; Components, 
430,431 p; Average current, 431 p, 432; 
Due to spontaneous polarization, 431, 
432 p; Turbiilent, 433; Vertical, 433,434; 

, In mountains, 433, 434; Variations, 
general character and magnitude, 434, 
436; Storms, 436, 436 p, 437; Daily 
variations, 437, 438 p, 439, 440 p, 441 P ; 
world chart, 442 p; graphs of, 443 P, 


444 p; calculated, 442; Theories of, 
439-43, 703, 704, 718-21; at great 
depths, 711-49; in the oceans, 446 p-7 p, 
448, 709, 712, 718-21; Decay of prime¬ 
val —704; see storms. 

Current-function, 630, 631, 769, 771. 

Daily variations of earth curreuts, 437, 
438 p, 439; Vector diagrams, 440, 1 pp ; 
Relation to the geomagnetic field, 439- 
44; Day-to-day changes in, 439, 443 p, 
444 p. 

Disturbed days, 438. 

Dynamo effect in moving sea water, 445-8. 

Early observations of earth currents, 
417. 

Earth-air currents, see AT. 

Electric surface charge, 701, 706. 
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Electrodes, 417, 418, 419 r, 420; Gish and 
Rooney type, 421; Non-polarizing type, 
422, 428; Spurious effects, 428, 431; 
Permanent type, 429. 

Geographical distribution of daily-varying 
earth currents, 442 r. 

Geology and earth currents, 417, 428, 432, 
435. 

Graphs of daily variation of earth currmta, 
443 r, 444 f; see chart, vector diagrams. 

Heating: By induced earth and ocean cur¬ 
rents, 714; see also AT. 

Induction of earth currents: In moving 
water, 445 f, 446, 447 F, 448; By the 
geomagnetic ‘ variations, 439-41, 711- 
48 F, 749 F; In the oceans, 712, 719,720; 
In the outer crust, 717-19; Distribution 
of currents in core, 720, 721; in non- 
uniform core, 726-30; By slowly vary¬ 
ing fields, 721; By aperiodic fields, 723- 
6; Near the auroral zone, 713, 749; 
Plane-earth problems, 713, 749; Mathe¬ 
matical theory, 732-48; see D, DV. 

Lunar daily variation of earth currents, 
439. 

Magnetic storms and earth currents, 417. 

Mountains (earth currents in), 433, 434. 

Observatories (earth-current), 417, 427, 
428. 

Ocean, see sea. 

Physical relationship between earth cur¬ 
rents and geomagnetic variations, see 
currents (theories). 

Polarization, spontaneous, 432 f, 433; 
at electrodes, 422, 431. 

Polar year records, 428. 

Potential-differences, 417; Self—432; 
Electrochemical —, 432, 433, 

Power-lines and earth currents, 422, 423. 

Prospecting, electric methods, 422, 424; 
see surveys. 

Quiet days (geo-electric), 438. 

Radio fade-outs (see AT), 343 P. 


Rain, see resistivity. 

Recording apparatus for earth-potentials, 
429,430. 

Recurrence-tendency (27-day) in earth 
currents, 412, 417, 435. 

Resistivity, 417, 418; Niunerical values, 
423, 424, 711; at great depths, 717, 730- 
2; Measurement in homogeneous soil, 
418, 419 f; in inhomogeneous soil, 419- 
21, 424, 425 F, 426 F, 427; Influence 
of rain, 418, 431; Variation with depth, 

426, 427, 730-2; Of sea water, 423, 424, 
711; Uniform core model, 714-18; cur¬ 
rent-distribution m, 720, 721. 

Sea electric currents, 445 f-7 f, 448, 712, 
719, 720. 

Self-potentials, 432. 

Shielding of core from varying magnetic 
fields, 712, 713. 

Simultaneity of earth-current variations 
and other phenomena, 343, 417, 435. 

Solar flares, 341,343 P; see erupUrms (SN). 

Storms (earth-current), 417, 435, 436 f, 
437; Annual variation of, 436. 

Stray currents (railways, tramways), 422, 

427. 

Sudden commencements, 435. 

Sunspot relations of earth-currents, 417, 
435. 

Surface layer, induction in, 712, 718-20. 

Surveys of resistivity, 421-4, 425 f, 426 f; 
Methods, 418-23; Results, 423, 424; 
Examples, 424-7; Apparatus for (Gish 
and Rooney), 421, 422; use of alternat¬ 
ing current, 423. 

Telegraph lines, 417, 431; Swann’s induc¬ 
tion experiment, 722, 728. 

Thunderstorms, 429. 

Tide, electric, in sea, 447. 

Units, electric, see Q. 

Vector-diagrams of daily variation of 
earth currents, 438 f, 440 r, 441 F. 

Vertical earth-currents, 433, 434. 

Weather influences on measurements, 431, 
433. 

Wenner method for resistivity measure¬ 
ments, 418, 419 F, 421* 
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IM: Instruments^ Magnetic Measurements^ Observations, and Prospecting 


Absolute: Instniments, 31-41; Measure¬ 
ments, 29, 31-41, 47, 49- 
Accuracy, 29,41,66,60, 84, 94, 113, 335: In 
local surveys, 140; see also precautions. 
Ageing of magnets, 80, 81; Artificial age¬ 
ing, 81. 

Ammeter, 94. 

Ampere, 15; — txims, 18. 

Astatic (see) magnetometer. 

Auxiliary magnets, 31, 65, 86, 89, 138. 

Balance: Lloyd’s magnetic (Z variometer), 
63, 89, 138; Schmidt’s horizontal field 
{E local variometer,) 138 P, 139 P; Tor¬ 
sion, 96, 149, 157, 168; Universal, 138. 
Ballistic (see) galvanometer. 

Bar-magnets, 13, 26: Ageing, 80, 81; Care 
of, 38, 81; Centre (geometric, magnetic), 
71; Demagnetization in, 24, 26; De¬ 
flexion or deviation constant (fc), 14, 26, 
36, 46, 79, 82, 83; Determination of 
magnetic moment, 35, 36; Force and 
couple on, 11-13; Induction coef&cient 
(k')t 80, 81; Interaction of two, 14 r, 16, 
77-9; Intensity of magnetization {B^), 
26; Lines of force, 9 f; Magnetic 
moment of, 13, 81; Moment of inertia of, 
13, 36, 82; Parameters of, 70, 71, 78, 79; 
Pivots, 42, 44, 46; Potential of, 71; 
Regular, 72; Schematic, 13, 73, 79; 
Temperature coefficient, 80, 81; see 
auxiliary, dipole. 

Base-line, 61, 83, 86; auxiliary, 86; — 
value, 64, 85, 140. 

Base-station for surveys, 43, 137, 138, 140. 

Carnegie (non-magnetio ship), 46, 67, 102. 
Carnegie Institution of Washington, De¬ 
partment of Terrestrial Magnetism, 39, 
46, 47, 67, 91, 96, 242; Foundation, 67; 
Directors, 67; Survey ships Galileo and 
Carnegie, 45, 67, 102; Observatories at 
HuanCayo and Watheroo, 68; Iono¬ 
sphere work, 68; Publications, 68; 
Survey work, 96, 102; Earth current 
observatories, 427. 

Ceoilie (non-magnetic yacht), 45. 

Coil systems: Gaugain-BEelmholtz, 39, 41, 
64, 83, 84, 87, 93, 94, 138, 142; four 
coils, 84, 86. 

— (see) magnetometer. 

Comparison of (see) standards. 

Compass, 1,44,137; -card, 44 r; Damping, 
46, 47; Deviation (ship’s iron), 46; 
Double (for E), 46, 47, 139; Dynamic 


deviation, in ships, 46,47,94; in aircraft, 
47; Floating or fluid —, 42, 43, 45; Fric¬ 
tion, 45; Gimbals, 45, 46 p, 47; Mag¬ 
netic moment, 44; Moment of inertia, 
44; Oscillation period, 44; Pivot, 42-5; 
Use in orienting old buildings, 133; see 
variometers. 

Compensation for temperature in (see) 
variometers. 

Damping of oscillations: Copper, 35, 142; 
Liquid, 35, 45, 47. 

Declination: Measurement, 31-3 p; see 
compass, magnetograph, variometers; Dis¬ 
covery, 901-7; Early measurements, 
907-9. 

Deflector magnet, 14; see auxiliary. 

Deflexion experiment: For E, 14 f, 16, 35, 
38, 39, 42, 73, 78 f, 79; at sea, 45; For 
F at sea (dip needle), 45; Damping, 35; 
Deflector, 14; see bar magnet, magneto^ 
meters, oscillation experiment. 

Demagnetization, 24, 26. 

Deviation, dynamic, see compass. 

Dip or inclination (1): Discovery of, 909, 
910; For measurement see dip circle, 
dip inductor. 

— circle (or needle), 3, 32 p, 45, 137, 910; 
Agate supports, 138; Axis and pivots, 33; 
Knife edges, 138, 140; Loaded (for Z or 
F), 46, 46, 139. 

— (or earth) inductor, 33 p, 34 f, 40, 42 P, 
46 p; Commutator, 33, 34; see gal¬ 
vanometer. 

Domes, salt: magnetic prospecting for, 
163. 

Dynamic deviation, see compass. 

Earth-inductor, see dip-inductor. 

Expeditions, 30; Birkeland, 317; Greely, 
466; Maud, 466, 468, 473, 474; Mawson, 
473; (Second) Scott, 197; see Polar. 

Eye-and-ear method, 82. 

Eye-readings, 61, 52 p, 61; organized by. 
Magnetischer Verein, 61, 332, 931-3. 

Galilee, non-magnetic ship, 67. 

Galvanometer, 33, 62, 67, 83; Ballistic —, 
40, 81; Moving coil —42, 46, 430; Sine 
—, 38 p, 39; String —, 42, 46, 68; 
Vibration —41. 

Gaugain-Helmholtz, see coil. 

Gimbals, 46, 46 P, 47. 

Gold, prospecting for, 163. 

Gradiometer, magnetic, 94, 140. 
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Helmholtz, see coil. 

Horizontal force measurement, see balance, 
magnetograph, rmgnetometers, QHM, 
variometers. 

Inclination, see dip. 

Induction variometer (McNish) for Z, 90 p, 

91 p; For dZjdt, 67-9; PorH, 69, 60. 
Insensitive, see magnetograph. 

International co-operation and organiza¬ 
tion, see O and polar. 

Iron, prospecting for, 150-3. 

KirehhofJ net, 96. 

Magnet: Ring, 26; Regular, 71-3; Schema¬ 
tic, 9 P, 10, 12 p, 13, 73; see bar. 
Magnetograms, 48, 60 P, 61 p; illustration 
on different scales, 70 p; Base-line, 61; 
Base-line value, 64; Pantographic or 
photographic copies, 69, 70 p, 336 p; 
Quick-run, 65-7 p, 58 p; Reduction of, 

63, 64; Scale-value (or sensitivity), 64, 

65, 86; of angle (D), 64; determination 
of, 54, 87; insensitive, 66; dual sensi¬ 
tivity, 66; scale-variation across the 
sheet, 86; Scales for reproduction: In¬ 
ternational, 62, 69; relative, 204, 206; 
Temperature-record, 62; Time-deter¬ 
mination, 335, 336; Time-marks, 60 p, 

61, 66, 336; Time-scale, 61, 56, 67, 349, 

362; see pantograph and D, JDV, 
Magnetograph, 49, 60; Dual sensitivity, 

66 p; Insensitive, 64, 66, 329, 330; 
Quick-run, 66-7 pp ; Wide-range, 64, 66, 

329, 330: see variometers, magnetogram. 
Magnetometers, magnetic; For H, 35-8, 

39 P, 62 p, 139; Calibration, instrumen¬ 
tal constants and corrections, 37, 38, 

92; Astatic.(for testing materials), 96, 

142, 143 p; Quartz (QHM), 90 P-3 P; 
see deflexion, oscillation, theodolite, 

—, electric; Coil (Schuster-Smith) for B, 

39 P, 40 p, 84; for Z (Dye) 41; for Z (La 
Cour), 40. 

Magnetron, 93, 94. 

Measurement, see absolute, accuracy, bal¬ 
ance, compass, dip, galvanometer, gradio- 
meter, magnetograph, magnetometers, re¬ 
corder, standards, surveys, theodolite, 
variometers, 

Non-magnetio materials, 96. 

Observatories,!, 29,80; Distribution (map), 

30 p, (stereogram) 69 p; List of past and 
present, T1-T6; Use in surveys, 43; 
8695.8011 3^2 


Time-reckoning in, 60, 61 p; Publica¬ 
tions, 61-3; Annual means of geomag¬ 
netic elements at, T 6-T 9, 

Oil, magnetic prospecting for, 153, 154- 

Oscillation experiment, 13, 14, 36, 42, 80- 
3; Chronometer, 82, 83; Eye-and-ear 
method, 82; see deflexion, magnetometer. 

Pantograph, 69, 70 P. 

Photographic recording: Introduction of, 
366, 936, 936, at Kew, 332; see recorder. 

Polar Years, International, 30, 66, 67: 
First, apparatus for, 58; discussion of 
data from, 286, 287, 296, 317, 318, 320; 
see A TJ ; Second, apparatus for, 67; dis¬ 
cussion of data from, 291, 309, 339, 388; 
magnetic pulsation records, 362; see EB. 

Precautions: For accuracy, 29, 96; In con¬ 
tinuous registration, 63, 87, 89, 93; In 
local surveys, 139, 140; Against loss of 
record, 64. 

Profile: Magnetic, 140, 147 p, 148 p, 161 p, 
163 P, 166 p, 156 p, 157 p; Geological, 
149. 

Prospecting, magnetic: Apparatus, see 
local variometers; Elements measured, 
137; Examples, 160-4; Field (see) bal¬ 
ance ; Geological structure and magnetic 
anomalies, 146; Laboratory measure¬ 
ments on materials, 142; Local’ (see) 
variometers; Precautions in measure¬ 
ment, 139; Profile, magnetic; Purpose, 
137; for iron, 150-3; gold, 163; for oil, 
for salt domes, 163, 154; Reduction and 
representation of the measurements, 
140; Relation to other methods, 157, 
168; Technique of measurement, 139; 
of interpretation, 146-60. 

Publications: Observatories, 61-3; Sur¬ 
veys, 48; Committee on, 66; Of Carnegie 
Institution, 68. 

QHM, 90 p-3 p. 

Quartz, see QHM and suspensions. 

Quick-run recorders, 66-7 pp, 68 p, 59 P- 

Recorder: Photo-electric, 62, 138; Photo¬ 
graphic, 49 P, 62 p, 138, 328, 332, 356, 
936, 936; see magnetograph, quick-run. 

Secondary instruments, 38, 41. 

Sensitivity, see magnetograph. 

Sine (see) galvanometer. 

Solenoid, 18. 

Standards: Electric, 41; Length and time, 
39, 41; Magnetic, 39; comparison of, 
66, 93; Moment of inertia, comparison 
of, 81, 82. 
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Supports: Agate and knife-edges, 53, 89, 
90, 138, 140; Axis and pivots, 33. 
Surveys, 29, 30, 47, 48; At sea, 44, 45; 
Repetition, 47; Accuracy, 60; see 
hose. 

Suspensions: Unifilar fibre and torsion- 
head, 31, 35, 36, 52, 82, 89, 92; Bifilar, 

52, 89; Fluid, 42; Horizontal quartz, 

53, 90; Quartz, 63, 86, 89, 90, 92, 93 F, 
142; mounting device. La Cour’s 93 F; 
Torsion, 31; Torsion-ratio, 82. 

Temperature: Coefficient, see bar and 
magnetometers; Compensation, control, 
record, see variometers, magnetogram. 
Theodolite, magnetic: Lament’s, 32, 36, 
37 F, 38 p, 79, 80, 83, 90; For surveys: 
on land, 42 fp, 43 fp ; Schmidt’s, 79 p ; 
at sea, 45; see balance. 

Time-marks, time-scale, see magnetogram. 

Units, see O. 


Variometers (for continuous registration), 
48-51, 62 p, 67 p: ForD, 49; For H, 62f, 
88 F, 89; For Z, 62, 53, 89, 90 P, 91 F; 
McNish vertical-suspension type for Z, 
90 p, 91 f; For I, 90; General theory, 
85-9; Coil-induction type for dZjdt, 57- 
9 F; Induction type, 69, 60; Deflectors 
in, 52, 86; Supports {Z and /), 53, 90, 
91; Temperature compensation, 53; op¬ 
tical, 87, 88 F, 89; Temperature control, 
62, 53, 87; —record, 52, 53; see balance, 
magnetogram, magnetograph, recorder. 

— (for local surveys), 43, 137: Compass-, 
46 p, 47, 139; for Z and F, 138, 139; 
Scale-value, 138; Temperature coeffi¬ 
cient, 138-40, 

Vertical force measurement, see balance, 
magnetograph, magnetometers, vario- 
meters, also dip. 

Weston cell, 39, 83. 

Wide range, see magnetograph. 


M: The main geomagnetic field 


Agonic lines, 96, 97 f, 98 f, 104 f: For 
dipole fields, centred, 107 r, 649 f ; 
eccentric, 666 f. 

Annual mean values of elements, 62; at 
observatories, T 6-T 9; — mean hourly 
values, 62. 

Annual variation, 62, 203; stereograms of, 

68 . 

Anomalies, magnetic: Charts (local): 
irregular: isomagnetic lines. East Prussia 
(D), 110 F, Kursk (D, H, Z), 152 f, 702; 
anomalies of D, Baltic Sea, 111 f ; isano- 
malsof^, Berggiesshiibel, Saxony, 154 f; 
Charts (world, vector) of regional — in 
H, 109 F, 660 f; relative to eccentric 
dipole, 661 F; Constancy of local — 
144; Decrease with increasing height, 
666; Demagnetization, influence of, on 
—, 147, 149; Due to ideal distributions, 
magnetized sphere, 146, 147 f, 148; 
blocks, faults, 148 f ; Effect on position 
of main dip-poles, 108; Geology, relation 
to, 108; interpretation, 146-9; Isano- 
mals, 141; for Z at Berggiesshubel, 164 f; 
Kursk, 150, 161 f, 152 f; Local, 3, 
108, 109; Local dip-poles, 3, 108; Mag¬ 
netite, influence of, 149, 702; Profiles 
of local—,140; ide^ 147f, 148f, 157f; 
Berggiesshubel, 155 f; Kiirunavaara, 
151,163 F, 702 ; Kursk, 161 f ; Pilansberg, 
156 f; Regiorued, relative to dipole field. 


centred, 108, 109 F, 659, 660 F; or 
eccentric, 659, 661 f, 662; Representa¬ 
tion of, 108, 110, 111 F; Volcanic dikes, 
— due to, 156 F, 157 f. 

Austral(is), see pole, AU. 

Axis: Geomagnetic (of centred dipole), 105, 
644, 701, 702; stereograms, 68, 69 F, 
296 F, see poles; Association with D field, 
286, 294, 295 f, 296 F, 298 f ; and with 
aurorae, 286, 468, 470 F; Of eccentric 
dipole, and positions of its ends and 
dip-poles, 652, 664 F, 656 f^ 659 F. 

Boreal(is), see pole, AU. 

Centre, magnetic, 648: Position, 661; Dis¬ 
tance from geographical centre, 651, 
652 F; and from dipole equator, 652. 

Centred dipole, 105, 643, 644, 646-9 F, 701 
(and see axis): Equator, 105; Equi^ 
potential surfaces, 9; Eield vectors, 
105 F (J?), 106 F, 647 F, 652 F; Isogonic 
lines, 107 F, 648, 649 F; Meridians, 105; 
Moment M, 10, 22, 643, 645; Poles, 
austral A, boreal B, 68, 106, 644, 659 F; 
Stereograms, 69 f; Potential, 10, 11, 
643; see anomaMes (regional), eccentric. 

Charts, magnetic: Aeronautical, 96; His¬ 
tory of, 911 p-14; see anomalies, Hcdley,. 
isocUnic, isodynam/ic, isogonic, isomag-^ 
netic, isopors, vector. 
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Components, geographical X, F, Z, 1, 2 ; 
see horizontalf vertical. 

Constant, local magnetic, G, 643. 

Coordinates, geomagnetic, 646, 646 f: 
Nomographs for, 646; of magnetic 
observatories, T1-T 6 ; see time. 

Currents, see earth-air and theories. 

Daily variations, see DV. 

Declination, magnetic (D), 1, 2 f; Dis¬ 
covery, 901-7; Early observations, 
907-9; Early and nautical name, ‘varia¬ 
tion’, 1, 910; seed^p, isogonic. 

Dip, or inclination; magnetic (/), 1, 2 f: 
Discovery of, 909,910; Originally named 
‘declination*, 910; see isocUnic. 

Dipole, see centred, eccentric. 

Dip-poles: Local, 3, 108; Main, 3, 104; 
angular distances from ends of dipole 
axes (centred and eccentric), 664; dis¬ 
tance between dip-poles and their anti¬ 
podes, 104; distance of line joining 
them, from earth’s centre, 68, 69 f, 864; 
influence of local anomalies on positions 
of —, 108; dip-poles of eccentric dipole 

. field, A!\ W', 654, 656 F, 669 F; also 
see poles. 

Directive property, see field. 

Earth-air currents, 110, 112, 113, 665 F: 
Intensity expressed in terms of surface- 
field elements X, Y, 632; see line. 

East horizontal force component (Y), 1, 
2 F; Expressed in terms of the potential, 
626; Line-integrals of, 112,113. 

Eccentric dipole, 648, 661 (see axis): Posi¬ 
tion 0, 661, 662 F; Distance from earth’s 
centre, 652 F; Dip-poles A^ 654, 
666 F, 659 F; Position of ends of axis 
A', B', 652, 669 f ; Field vector of, 652 F, 
(H), 653 F, 654 F; Irregularity of field of, 
652, 653; and of vertical variation of, 
662; Isodynamics (H), 666 f, (F), 658 f; 
Isogones of, 666 f; Isoclines of, 657 F; 
Begional anomalies in H, relative to field 
of—, 661F, 662; see centred. 

Elements, magnetic (X, Y, Z, X>, H, I, F), 
1, 2f: Intrinsic and relative, 3, 102; 
Belations between, 2; Units, 4. 

Equator, magnetic, 3, 100 f, 103 f, 104: 
Shift of, 696, 696; Dipole, 106, 107 F, 
649 F; Of eccentric dipole field, 667 f. 

Equipotential surfaces for Ff, 644. 

External field; Inferred from spherical 
harmonic analysis, 663-6; Other evi¬ 
dence, 665; Discussion, 710; see ring 
(D). 


Field (see centred and eccentric and poten¬ 
tial), 1; General character, 104; Com¬ 
pound, mean, and variation fields, 6-8; 
Internal, 642-6, 665; External, 642,643, 
663-6; Non-potential, 665; Discovery of 
directive property, 898-901. 

Force, magnetic (F, F), 1, 2f; see total'. 
Horizontal (H, H), 1, 2F; see horizontal'. 
Vertical (Z), 1, 2 f ; see vertical. 

Gauss’s work, 926-33. 

Geographical horizontal force components 
(X, Y), 1, 2 F; see east, north. 

Geology and magnetism, 137, 145, 146, 
148, 149, 167, 701; see anomalies. 

Greomagnetic, see axis, coordinates, time* 

Gilbert’s work, 910, 914-21 F, 922. 

Halley’s: Hypothesis of four magnetic 
poles, 926-7; discarded by Gauss, 926; 
Expeditions and isogonic chart, 911 F, 
912. 

Horizontal force or intensity {E, H), 1, 
2f; Geographical components, 1, 2f; 
see east, north'. Lines of (or magnetic 
meridians), 102, 103 F, 104 f; Isodyna- 
mio charts, 99 f; for Kursk, 152 f; for 
eccentric dipole field, 656 f; Vector 
charts (for H) for dipole fields, centred, 
106 F, 647 F ; or eccentric, 653 F, 664 f; 
Anomalies relative to field of dipole, 
centred, 109 f, 660 f; or eccentric, 
661 F. 

Inclination, magnetic (or dip, I), 1» 2 f ; 
see isoclinic. 

Intensity: Of magnetization, 645, 702; 
xmder oceans and continents, 703; Mag¬ 
netic, see force, horizontal, total, vertical. 

Ionosphere, field in, 500, 601. 

Isanomals, 141, 

Isoclinic lines, charts (J), 96; (1922)^ 100 F; 
(1830), 103 F; for eccentric dipole field, 
657 F. 

Isodynamio lines, charts (X, Y, Z, F), 
96; for H, 99F; (Kursk), 152 f; for F, 
101 F; for Z (Kursk), 152 f; see hori¬ 
zontal, total, vertical. 

Isogonic linos (or isogones), charts (D), 
96, Halley’s, 911 F; (1922), 98 F; (1936), 
97 F; Arctic regions (1922), 104 f; 
Local (Germany), IIOf; smoothed 
(Baltic), lllF; for Kursk, 162 f; For 
dipole fields, centred, 107 F, 649 F; or 
eccentric, 656 f ; see anomalies. 

Isomagnetic lines, charts, 96, 911 F, 912: 
Projections for, 96; see charts, isocUnic, 
isodynavmc, isogorm, isoporie. 
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Supports: Agate and knife-edges, 53, 89, 
90,138, 140; Axis and pivots, 33. 

Surveys, 29, 30, 47, 48; At sea, 44, 45; 
Repetition, 47; Accuracy, 60; see 
base. 

Suspensions: Unifilar fibre and torsion- 
head, 31, 35, 36, 52, 82, 89, 92; Bifilar, 
52, 89; Eluid, 42; Horizontal quartz, 
63, 90; Quartz, 53, 86, 89, 90, 92, 93 f, 
142; mounting device. La Cour’s 93 F; 
Torsion, 31; Torsion-ratio, 82. 

Temperature: Coefiacient, see bar and 
magnetometers'. Compensation, control, 
record, see variometers, magnetogram. 

Theodolite, magnetic: Lament’s, 32, 36, 
37 F, 38 P, 79, 80, 83, 90; For surveys: 
on land, 42 fp, 43 fp; Schmidt’s, 79 p; 
at sea, 45; see balance. 

Time-marks, time-scale, see magnetogram. 

Units, see G. 


Variometers (for continuous registration), 
48-61, 52 p, 67 p : For D, 49; For E, 62f, 
88 F, 89; For Z, 52, 53, 89, 90 P, 91 F; 
McNish vertical-suspension tjTpe for Z, 
90 P, 91 F; For I, 90; General theory, 
86-9; Coil-induction type for dZjdt, 57- 
9 F; Induction type, 69, 60; Deflectors 
in, 62, 86; Supports (Z and 1), 53, 90, 
91; Temperature compensation, 53; op¬ 
tical, 87, 88 F, 89; Temperature control, 
62, 63, 87; —record, 62, 63; see balance, 
magnetogram, magnetograph, recorder. 

— (for local surveys), 43, 137: Compass-, 
46 P, 47, 139; for Z and F, 138, 139; 
Scale-value, 138; Temperattire coeffi¬ 
cient, 138-40. 

Vertical force measurement, see balance, 
magnetograph, magnetometers, vario¬ 
meters, also dip. 

Weston cell, 39, 83. 

Wide range, see magnetograph. 


M: The main geomagnetic field 


Agonic lines, 96, 97 F, 98 F, 104 f: For 
dipole fields, centred, 107 f, 649 f; 
eccentric, 666 f. 

Annual mean values of elements, 62; at 
observatories, T 6-T 9; — mean hourly 
values, 62. 

Annual variation, 62, 203; stereograms of, 

68 . 

Anomalies, magnetic: Charts (local): 
irregular isomagnetic lines, East Prussia 
(D), 110 F, Kursk (D, E, Z), 162 F, 702; 
anomalies of D, Baltic Sea, 111 f ; isano- 
mals of Berggiesshiibel, Saxony, 154f; 
Charts (world, vector) of regional — in 
H, 109 F, 660 F; relative to eccentric 
dipole, 661 f; Constancy of local — 
144; Decrease with increasing height, 
666; Demagnetization, influence of, on 
—147, 149; Due to ideal distributions, 
magnetized sphere, 146, 147 F, 148; 
blocks, faults, 148 f ; Effect on position 
of main dip-poles, 108; Geology, relation 
to, 108; interpretation, 146-9; Isano- 
mals, 141; for Z at Berggiesshiibel, 154f; 
Kur^, 150, 151 F, 152 F; Local, 3, 
108, 109; Local dip-poles, 3, 108; Mag¬ 
netite, influence of, 149, 702; Profiles 
of local—, 140; ide^, 147f, 148f, 167f; 
Berggiesshubel, 155 F; Kiirunavaara, 
161,163 F, 702; Kursk, 161F; Pilansberg, 
166 f; Regional, relative to dipole fields 


centred, 108, 109 F, 669, 660 f; or 
eccentric, 669, 661 f, 662; Representa¬ 
tion of, 108, 110, 111 F; Volcanic dikes, 
— due to, 166 F, 167 F. 

Austral(is), see pole, A U. 

Axis: Geomagnetic (of centred dipole), 105, 
644, 701, 702; stereograms, 68, 69 F, 
296 F, see poles ; Association with D field, 
286, 294, 295 F, 296 F, 298 F ; and with 
aurorae, 286, 468, 470 F; Of eccentric 
dipole, and positions of its ends and 
dip-poles, 662, 664 F, 666 f^ 669 f. 

Boreal(is), see pole, AU. 

Centre, magnetic, 648: Position, 651; Dis¬ 
tance from geographical centre, 661, 
662 F; and from dipole equator, 662. 

Centred dipole, 106, 643, 644, 646-9 F, 701 
(and see axis): Equator, 106; Equi- 
potential surfaces, 9; Field vectors, 
106 F (H), 106 F, 647 F, 662 f; Isogonio 
lines, 107 F, 648, 649 F; Meridians, 106; 
Moment M, 10, 22, 643, 645; Poles, 
austral A, boreal B, 68, 105, 644, 669 F; 
Stereograms, 69 F; Potential, 10, 11, 
643; see anomalies (regional), eccentric. 

Charts, magnetic: Aeronautical, 96; His¬ 
tory of, 911 P-14; see anomalies, EaXley^ 
isocUnic, isodynamic, isogonio, isomag¬ 
netic, isopors, vector., 
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Isopors or isoporic lines, charts: Definition, 
114; Charts (1922)i for D, 116r; for 
J, liep; for Hy 117 f; for 2^, 118 F, 
123 f; for F, 119 P; For North 
America (D, 1840-1930), 124 r, 126 r, 
126 p; (H. 1885-1925), 127 r, 128 p; 
Zero isopors (D), North America, 
126 p; see vector cha^rts, stereograms, 

Latitnde, geomagnetic, 300, 646, 646; see 
coordinates. 

Line integrals, 110, 112, 113, 663-6 p. 

Lines: Of force, 9 p, 11,21 p; Of horizontal 
force (magnetic meridians), 9,102-4 pp. 

Local magnetic constant {O), 643. 

Longitude, geomagnetic, 646, 646; see 
coorcUnates, 

Magnetaxium, 703. 

Magnetization, intensity of, 19, 20, 646, 
702; Of crust, necessary to explain 
field, 701-3. 

Meridian(s), magnetic, 9, 102,147: Charts, 
103p, 104p; Dipole, 106; Local, 2p, 138. 

Moment, magnetic (M), 10, 22, 643, 646, 
660; Numerical value, 646; as indicated 
by dipole equatorial intensity (Hq), 
106 ; at past epochs, 644; Variation as 
indicated by pj at difierent epochs, 639. 

Multipoles, 668, 616. 

Nomographs, see coordinates. 

Non-potential field inferred from line 
mtegrals, 110, 112, 113, 663-6 p. 

Normal values, 133. 

North horizontal force component (X), 1, 
2 p; Expressed in terms of the potential, 
626. 


Permeability, magnetic (/x) within the 
703,711,716-18,721-3; Proposed 
determination, 722, 723; see G. 

Polar distance, geomagnetic, see coordi^ 
nates. 


Poles, see dip-pohs: Geomagnetic or axis 
106,108,644,669 p, austral A, borea 
69 p; Associatioi 
^th D field, 286, 294, 296 p, 296 P; an< 
^i^^a^rae, 286,468, 470 p; see HaUey 
Pot^tial, mastic, 4, 6, 10, 11, 20-2 
harmonic expression 
63^: ofmtemalorigin F<, 639-66; o 
ffirtemal origin F^, 639-46,663-6; see Q. 
Fofod^; Secular change (1890-1935) ii 
X, y,Z,D,H,J,F,131p. 

•™«les, magnetic, see IM. 


Beversal, see aeottZor. 


Sabine’s work, 202, 933-6. 

Secular variation, 47, 48, 62, 102, 113-36; 
Charts, see isopors, stereograms, vector 
charts; Committee on, 66; Declination 
D in Central Europe, 132; at London 
(1580-1935), 130 p; see Potsdam, isopors ; 
Decrease of noagnetio moment, 131, 639, 
640; Dip I, at London (1580-1935), 
130p; see Potsdam, isopors; Discovery, 
910, 911; Distribution in latitude and 
longitude over Central Europe, 132; 
Equator, shift of magnetic, 696, 696; 
Foci of change, 114,120,121; Force (H), 
121, 122 p, 132 p; (F, stereograms), 
129p; (H), 130,132; (Z), 121 isopors; 
Independence of local anomalies, 132; 
Indirect evidence (bricks, pottery, lava), 
133-6; Influence of sunspot cyclo, 133, 
134 p; Long series of observations, 129, 
130 p; Potsdam, time-graphs for X, Y, Z, 
A E, /, p (1890-1936), 131 P; Regional 
character, 130, 708; Reversal of field, 
136, 166, 167, 701; Spherical harmonic 
analysis of, 633, 634 p, 666-8; Sunspot- 
cycle relation, 133, 134 p; Theoretical 
discussion of, 704, 707, 708; Zero (see 
isopors). 

Separation of field into inner and outer 
parts, 640-6; s8e spherical and AN, 

Spherical harmonic analysis (see AN)i 
By Gauss, 624r-7, 631, 632, 639, 640; 
his coefficients or elements, 639; his 
material, 640; By Adams, 639, 640; 
By Bauer, 639, 641; By Dyson and 
Fumer, 639, 663; By Erman and Peter¬ 
sen, 639, 640; By Fritsche, 639, 640; 
By Schmidt, 639-42; First order har¬ 
monic, 642-6, 701: magnetic moment, 
643-6; components, 644; intensity of 
average magnetization, 646; equivalent 
current system, 646; Centred dipole, 
646-64 p, 669 p; Eccentric dipole, 648- 
69 p; Magnetic centre, 661; Terms of 
higher order, 669, 662, 701; signifioanoe 
shown by charts of anomalies (q.v*), 
660, 661 pp; decrease of relative im¬ 
portance with increasing hei^t, 666, 
666; The external (q.v.) field, 663-6; 
Non-potential (q.v.) field, 663-6 P. 

Stereograms, 68,69p; Showing rotational 
and magnetic axes, and observatories, 
69p; Of seoulw change of F, 121, 129p; 

Swann’s induction experiment, 722, 72$. 

Theories of main field, 699; Fundamental, 
701, 706, 707; Permanent magnetiza¬ 
tion, 701; Magnetarium, 703; Internal 
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currents, 703, 704; intensity, 704; de¬ 
cay, 704; self-excitation, 704; Gyro- 
magnetic effects, 704, 705; Hotating 
charges, 705—7; Bearing of secular 
variation on, 707, 708; Level of origin, 
708; Effect of earth movements and 
ocean currents, 708, 709; see secular. 

Time, geomagnetic, 300, 645, 646 f; see 
coordinates. 

Total force or intensity F, F, 1, 2 f; At 
great heights, 501, 652, 665, 666; Lines 
of, 9 F, 102; Isodynamic lines for, 101 F; 
for eccentric dipole field, 658 f. 

Variation, nautical term for D, see declina¬ 
tion. 

Variation with height, 665, 666. 

Variations (with time) of geomagnetic 
field: General review, 194-213; Annual, 
203; Irregular, augmentation of S^, hays 
and pulsations, lunar and solar daily 
variations, see D, DV; see also secular. 


Vector charts: For H for dipole field, 
centred, 106f, 647f; eccentric —, 652- 
4ff; For H anomalies, relative to 
dipole field, centred, 109 F, 660 f ; eccen¬ 
tric, 661 f; For the change {1885-1922) 
in H, 122f; (1902-20), 132f; Of secular 
change of F (shown by stereograms), 
121, 129 F. 

— force F, 1» 2 f: Distribution in latitude 
for dipole fields, centred (or uniformly 
magnetized sphere), 105 f, 652 f; eccen¬ 
tric, 652 F. 

Vertical force or intensity Z, 1, 2f: Ex¬ 
pressed in terms of the potential, 625-7; 
At poles, 104; Isodynamic lines near 
Kursk, 152 F; Isanomals, 154. 

Volcanic dykes, magnetic anomalies, 164, 
166, 167 F. 

Zenith, magnetic, 451, 456, 466, 467 p, 
464. 


SN: The sun, sunspots, and other physical features of the sun 


Activity, solar: Character-figures, 192, 
193; Kegions of long-continued activity, 
177, 180-2; Notable occasions, 328, 
332-5; see eruptions, faculae, promi¬ 
nences, sunspots, time-graphs, and Ume- 
paUems, 

Aspect at different seasons, see AS, 

Butterfly diagram, 177, 178 f. 

Calcium, solar: Spectral linos of ionized— 
166, 167, 172, 182, 392; in prominences, 
166; in flooouli, 167, 182, 193; Speotro- 
heliograms, 341; see emission, 

Carrington’s observation, 333, 334 f, 335; 
see D. 

Character-figures, 192, 193. 

Charts, solar: Of chrom 9 Sphere, 192; Of 
factflae, 193; Of pronainenoes, 192; Of' 
sunspots, 193. 

Chromosphere, 190-2. 

Conservation in sunspot variation, 685,686. 

‘Constant’, solar, 624. 

Corpuscular streams: Composition, 813, 
814, 832; Detection by solar observa¬ 
tions, 810, 811 F, 812; by radio observa¬ 
tions, 814-23; see emission, electrical 
state, geometry, speed; also see D for 
theories of geomagnetic disturbance 
effects, and AU for theories of auroral 
efiects. 


Corona, 168 pp, 186, 187 f, 188, 801, 802, 
814: Polar plumes, equatorial streamers, 
168, 186, 187 F; Connexion with pro¬ 
minences, 168, 186, 187 F, 188; Varia¬ 
tion with sunspot cycle, 168; Suggestion 
of magnetic field, 192; Photographs, 
168 p, 169 P. 

Curvature, see sunspot numbers. 

Cycle, see sunspot cycle. 

Dark flocouli, 167; Photographs, 166 p, 
167 p. 

Darkening at limb, 166, 822. 

Data, solar physical, 192, 193. 

Eclipses, see A/S, AT, D, DV. 

Electrical state of corpuscular streams ; On 
emission, 823-6; During travel from 
sun, 825-8, 830, 862; Diffusion of 
charge to surface, 826, 826; Expansion 
of surface charge, 826-8, 830; Residual 
surface charge, 830, 831; Slow leakage 
of electrons, 831; Recombination during 
travel, 813, 814; Ionization during 
travel, 832,863; Possible direct magnetic 
field of stream, 828, 829. 

Emission of corpuscular streams i Visual 
evidence, 166, 167 pp, 801, 802; Inferred 
from the 27-day recurrence tendency in 
D, 406, 406, 410, 800, 851; from auroral 
and magnetic activity on the earth’s 
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Emission of corpuscular streams (cont.) 
dark hemisphere, 799, 851, 852; from 
the similarity of the time-relationships 
between local solar disturbance (spots, 
faoulae) and geomagnetic activity, 372, 
377, 381-4, 403, 406, 409, 414, 416, 861, 
852; Radial or oblique, 372, 414-16, 
807-9; Frequency, 794, 802; Milne’s 
theory of emission, 166, 167, 191, 802, 
803, 811-14; other discussions, 803; see 
also speed. 

Eruptions or flares, 167, 168, 193, 791, 
799: Association with radio and mag¬ 
netic effects, see D, 328, 336, 343, 349; 
with sunspot cycle, 392; Affect the 
earth even on limb of sun, 392; Car¬ 
rington’s, 334r, 335; Photograph, 343 P; 
Spectrum, 167, 168; Suggested recur¬ 
rence tendencies, 801; ^QQprormnences. 

Escape, see AS. 

Faculae: Form, size, changes, 165; Near 
sunspots, 166, 188, 409; Duration, 166, 
190, 409; Height, 166; Direction of 
extension, 190, 414; Charts, 193; Dis¬ 
tribution and frequency, 188-90; Pre¬ 
dominance on eastern limb, 188; Time- 
graph (for northern and southern 
faculae and spots), 189 r; Comparison 
with magnetic activity, 409. 

Flares, see eruptions. 

Flocculi, 167, 182: Ordinary, eruptive, 
167; Calcium, hydrogen, bright and 
dark, 167, 193; Photographs, 166 p, 
167 p. 

Fraunhofer lines, 166. 

Geometry of corpuscular streams, 412, 
413 P, 414, 804-6 r-8: Curvature owing 
to sun’s rotation, 413 p, 806, 806 p; de¬ 
pendence on corpuscular speed, 806, 
806 P; Angular width, 413-16, 807; 
Lateral expansion, geometrical, 807, 
831; thermal, 807, 808, 830; Specula¬ 
tions as to distribution of directions of 
emission from the source, 819, 821 p, 
822, 823 p; Possible test by radio 
observations of eclipse effects, 819-23. 

Heliographic, see AS. 

Helium, solar, 166; see AT. 

Hydrogen, solar, 166: In prominences, 
166,192; Flocculi, bright and dark, 167, 
193; Eruptions, 381, 392; Spectral Hnes 
(red Hot), 166, 172, 192; Spectrohelio- 
grams, 341; see AT. 

Inequalities on surface, 165. 


Latitude, see AS and sunspots. 

Longitude, see AS and sunspots. 

Lyman a radiation, 612. 

Jl4'-regions, 410, 416. 

Magnetic field: General, 191,192, 701, 705- 
7; Axis, 191; rotation of, 191; Intensity, 
191; Variation with height, 191; In 
chromosphere, 192; In corona, 192; 
Possible influence on cosmic rays, 842; 
Zeeman effect, 191; see sunspots. 

Neutral particles emitted, 600: Eclipse- 
effects, 798, 799, 813, 814 (and see AT). 

Nitrogen, 480. 

Photographs, Plates 16-24, pp. 164-9; 
Plate 25, p. 343. 

Photosphere, 165, 191. 

Phj^ics of sun’s atmosphere, 190,191. 

Pressure, 190; Radiation —166, 191. 

Prominences, 166, 167, 186-8, 190, 192, 
371, 802, 803: Types, 166,186,187p, 188; 
Association with sunspots, duration, 
changes and motions, heights, 166; 
Velocities, 166, 801, 802; Latitude dis¬ 
tribution and 11-year cycle, association 
with corona, 186, 187 p, 188; Lists, 
areas, numbers, charts, 192, 371; 

Eclipse observations, 166,168, 814, 822; 
Photographs, 166-9 pp. 

Publications, solar, 173, 176, 192, 193. 

Radiation falling on earth: Solar ‘con¬ 
stant’, 624; Amount falling on whole 
earth per sec., 897; Annual variation, 
169, 624 p; see corpuscular^ emission, 
I/yman, ult^a-violet. 

Reversing layer, 172, 190. 

Rotation(s), see AS. 

Spectroheliograph, 166, 167, 182; Photo¬ 
graphs, 166 P, 167 p, 343 P. 

Speotrohehoscope, 167, 341; Observations, 
381, 382. 

Spectrum, 166, 480: Observations for 
detection of corpuscular streams, 810-12. 

Speed of corpuscular streams i Observed, 
166, 802; Of escape, 191; Inferred from 
geomagnetic relationships, 380-4 p, 803, 
804; Inferred from theoretical considera¬ 
tions, by Milne, 802, 803, 811, 812; 
Possible determinations, from absorp¬ 
tion lines due to solar streams during 
magnetic storms, 810-12; by radio ob¬ 
servations during eclipses (time and 
place of corpuscular eclipse), 816; from 
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penetration into earth’s atmosphere, 
830, 832, 862; Bee AU {Birkeland, cor¬ 
puscular, DauvUli&r, Stdrmer), 

Sunspot(s), 165: Annual variation (spu¬ 
rious), 548; Areas, 169, 173, 192; time- 
graph, 174 p; for northern and southern 
hemispheres separately, 179p, 189r; 
Association with erwpiwjw, 181 ;faculae, 
186; pr<minerycs8, 166; Axis of bipolar 
group, 182, 183; inclination as function 
of latitude, 183 f; Bipolar, 165, 182, 
183-6; Butterfly Vagram, 177, 178p; 
Charts, 193; Diameter, 165; Duration, 
165; Earth effect (spurious), 648; Fol¬ 
lower spot, 166, 182; Groups, 166, 176; 
life-history, 182,183; Intennittence,180- 
2; Invisible, 186; Latitude distribution, 
169,174,177, T18; time-chart (butterfly 
diagram), 178 r; time-graph of mean 
latitudes, 174f; Leading spot, 165, 182; 
Longitude distribution, of long-enduring 
groups {1891-4), 172f; of all spots 
(1891-1902), 181 f; Magnetism of, 183- 
6ff; law of polarity, 183, 184, 185 f, 
186 F; magnetic cyde (22 years), 184, 
185 F; intensity, 183,184; as function of 
area, 184 F; Motions, solar rotation, 165; 
internal and proper, —, 168, 170, 172; 
Nature end origin, 191; Penumbra, 165; 
Photographs, 164p, 165 f, 166 F; Rota¬ 
tion periods, 169-72; Spotless days, 
time-graph of azmual number, 175f; 
Temperature, 165; Umbra, 165; Zee- 
man effect, 183, 184;#see — cycle, — 
numhers, 

— cycle, 173-7: Ascending and descend¬ 
ing phases in relation to magnetic dis¬ 
turbance, 371, 382, 383; Butterfly dia¬ 
gram, 177, 178 F; Duration, 173; noag- 
netio (22 years), 184; Maximum and 
minimum, 173, T18; Overlapping cycles, 
177; Shown by sunspot areas, 173,174y; 
separately, for northern and southern 
hemispheres, 17, 9 f ; by mean sunspot 
numbers (1847-1908), 221, 222ff (see 
also inset); by spotless days, 173, 175f, 
T18; Strong and weak, 173, 176f; 
Variation of mean sunspot latitude, 
177; (alternation ?) of type and intensity, 
173, 176 F, 

— numbers: Relative, 173, 176, 192, 193, 


T 16-T 18, T30-r76; Daily, 176,T30- 
T 76; standard deviation of, 585; con¬ 
servation in, 585, 586; Monthly, 176, 
T16, T17; Annual, 193, T16, T17; Pub¬ 
lications, charts, 192, 193; For central 
region, 193; Curvature in the variation 
of, 547, 548; spurious interpretations, 
548; see time-grapha, time-lag, time- 
pattern. 

Superposed-epooh method applied to 
sunspots, 400. 

Tables of sunspot numbers: Annual and 
Monthly, T16, T17; Daily (divided 
by 5), T30-T76; Of maximum and 
minimum epochs, annual numbers of 
spotless days, and annual mean distance 
from the solar equator, T17. 

Temperature: Of the photosphere, 165; 
Of sunspots, 165. 

Time-graphs: Spots and faoulae, 189 F; 
Spotless days, 175 f; Northern and 
southern spots, 179 F ; Spot areas, 174 f ; 
Mean sunspot latitudes, 174 f; Pro¬ 
minence latitudes (and ooronal type), 
187 f; Sunspot numbers, annual, 221 F, 
360 F, 369 F, 370 F, 475 F; monthly, 
222 F, 369 F. 

Time-lag between sunspot variations and 
geonoagnetio disturbance, see time-la^ 
(D). 

Time-pattern (in solar rotations): Spot 
latitudes (butterfly diagram), 178 f; 
Spot longitudes (1891-4), 172 f; show¬ 
ing area also (1891-1902), 181 f; Bar¬ 
tels’s, for daily sxmspot numbers, 407, 
408 F, 409; for central zone, 411 f; for 
other solar data, 410. 

Ultra-violet light absorbed in earth’s 
atmosphere: Responsible for ionisation 
in D, W, jP, and at least partly for 
layers, 498-500, 511, 512, 525; for dis¬ 
sociation of oxygen and ozone, 497, 498; 
Inferred from daily geomagnetic varia¬ 
tions, 753, 791, 799; Possibility of later¬ 
ally restricted exnission, 801; see erup- 
Hona, Lyman, and augmmtcOion (D), 
fade-outs {AT)» 

Vortex motion, 191. 

Zeeman effect, see magnetic field, aunapota. 
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